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METHOD OF MANUFACTURING A FIELD
EFFECT TRANSISTOR COMPRISING AN
INSULATING FILM INCLUDING METAL

OXIDE HAVING CRYSTALLINITY AND
DIFFERENT IN A LATTICE DISTANCE FROM
SEMICONDUCTOR SUBSTRATE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This 1s a division of application Ser. No. 10/863,226, filed
Jun. 9, 2004 which matured to U.S. Pat. No. 7,091,561 on

Aug. 15, 2006, which 1s incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a field effect transistor and
a method of manufacturing a field effect transistor.

2. Related Art

Following an improvement in performance, microfabrica-
tion and an 1ncrease of a density of a metal-oxide-semicon-
ductor (MOS) field effect transistor (FET) are repeatedly
achieved, and the MOS FET 1s increasingly reduced 1n size. A
f1lm thickness of a gate isulating film, for example, which
consists of S10,, and a transistor operation of which can be
checked, has reached less than one nanometer 1 a study
phase. The thickness corresponds to that of s1x atomic layers
of S10,. However, the reduction in size of the FET following
a reduction in thickness of the gate msulating film disadvan-
tageously causes an increase of a leak current, and an increase
of power consumption. For this reason, a technique for sup-
pressing the increase of the leak current while realizing the
reduction 1n size 1s desired.

As amethod for suppressing the increase of the leak current
while reducing the size of the transistor, there 1s proposed a
method using a material having a higher dielectric constant (a
higher dielectric constant film) such as an Hf oxide 1n place of
the conventional S10, film or S1ON film. The use of the high
dielectric constant film has an advantage in that the leak

current can be reduced while making a film thickness equiva-
lent to the thickness of the S10, film (hereinafter “EOT”

(Equivalent Oxide Thickness)) thinner. The use of the high
dielectric constant film has, however, disadvantages 1n that a
carrier mobility 1s deteriorated and a driving force 1s thereby
deteriorated as compared with the use of the S10,, film due to
an increase of the density of an interface state and impurity
scattering 1n the high dielectric constant film. Development of
a technique for preventing deterioration of the carrier mobil-
ity 1s, therefore, desired.

Furthermore, there 1s no avoiding confronting a physical
limit to the improvement in performance by the microfabri-
cation. A technique for improving the MOSFET without rely-
ing on the microfabrication 1s also required. Examples of the
technique 1include new structured MOSFET’s for which new
concepts such as band engineering and three-dimensional
structure are introduced. Specifically, a very thin film SOI
(Silicon on Insulator) MOSFET, a Fin MOSFET, a strained
S1-MOSFET, and the like are potential new structured MOS-
FET’s.

The very thin SOl MOSFET 1s characterized by burying an
S10,, 11lm 1n a substrate to thereby make a channel region thin.
Since complete depletion can be realized at a low impurity
concentration, a short-channel effect can be suppressed and a
switching rate can be accelerated. However, S1 1n the channel
region 1s applied with a compressive strain from the buried
S10,, film, an electron mobility 1s disadvantageously deterio-
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rated. In addition, in order to apply a substrate potential,
complex and elaborate manufacturing steps of etching the
S10,, film, and then epitaxially growing the S1 are disadvan-
tageously required, and a manufacturing cost 1s thereby, dis-
advantageously increased. The Fin MOSFET 1s a develop-
ment type of the very thin SOI MOSFET and characterized by
including a Fin channel region formed on a buried S10,, film.
Since the Fin MOSFET 1s double-gate MOSFET having right
and left sides surrounded by gate electrodes, respectively, 1t 1s
expected to not only suppress the short-channel effect but also
increase an ON current, as compared with a conventional
single-gate MOSFET.

However, similarly to the very thin SOI MOSFET, the
conventional Fin MOSFET 1s structured so that the channel
receives a compressive strain from the buried S10,, film. Due
to this, the conventional Fin MOSFFET 1s said to have a dis-
advantage of deterioration of an electron mobility. In addi-
tion, similarly to the very thin SIO MOSFET, complex and
claborate manufacturing steps are required so as to apply a

substrate potential (see, for example, Japanese Patent Appli-
cation Laid-Open No. 2002-118255). Further, since the right

and leit sides of the Fin MOSFET are surrounded by the gate
clectrodes, boron spike from the gate electrodes conspicu-
ously occurs, thereby disadvantageously making 1t difficult to
control a threshold.

The strained S1-MOSFET using S1Ge 1s characterized by
forming a substrate that includes an S1Ge layer (to be also
referred to as “SGOI (S1Ge on Insulator) substrate™, herein-
aiter) on an insulating film, and by epitaxially growing S1 on
the SGOI substrate. Since S1 1n a channel region 1s applied
with a tensile strain from the S1Ge layer, a carrier mobility can
be advantageously improved. It 1s confirmed that the n-MOS-
FET has about 80% improvement and that the p-MOSFET
has about 20% improvement 1n carrier mobility. The reason
that the p-MOSFET does not exhibit notable improvement in
mobility 1s not clear quantitatively. However, 1t 1s said that
this 1s partly because only the tensile strain 1s applied to an S1
layer serving as the channel region when the Si1 layer is
tormed on the S1Ge layer. If the compressive strain 1s applied
to the channel region, the mobility may possibly be improved.
Therefore, a compressively strained p-MOSFET having an
S1Ge layer formed as a channel region 1s studied. According
to a study report, the p-MOSFET has 130% improvement in
hole mobility. Therefore, 1t 1s highly likely that a driving force
of the p-MOSFET 1s improved by forming the channel region
consisting of S1 applied with a higher compressive strain.
However, in the manufacturing of the Si1Ge substrate (or
SGOI) substrate, complex methods ncluding an SIMOX
method, a bonding method, and an oxidation-concentration
method are used, thereby disadvantageously increasing a
manufacturing cost. Development of a technique for easily
applying the tensile strain or the compressive strain 1n a
manufacturing process 1s desired. Further, 11 the channel
region 1s thinner, Ge diffused from the SiGe substrate and
pass-through dislocation accelerate carrier scattering. There-
fore, a method for manufacturing a strained S1 without using
S1Ge 1s desired.

As stated above, there 1s no avoiding confronting the limait
to the improvement 1n performance by the microfabrication.
It 1s, therefore, necessary to propose a new MOSFET struc-
ture without relying on the microfabrication.

Nevertheless, the potential new structured MOSFET’s
such as the very thin SOI-MOSFFET, the Fin MOSFET, and
the strammed SI-MOSFET have the disadvantages, as
described. The very thin SOI-MOSFET and the Fin MOSFET
have the disadvantage of the deterioration of the electron
mobility because Si11n the channel region 1s applied with the
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compressive strain from the buried S10, film. The strained
S1-MOSFFET has the following disadvantage. If the channel
region 1s thinner, then the carrier scattering is accelerated by
Ge diffused in the channel region, and the mobility 1s dete-
riorated.

SUMMARY OF THE INVENTION

A field effect transistor according to a first aspect of the
present invention includes: a first insulating film formed on a
semiconductor substrate, and including at least a metal oxide
having a crystallinity and different 1n a lattice distance of a
crystal on an interface from the semiconductor substrate; a
channel region formed above the first insulating film, and
different in the lattice distance from the semiconductor sub-
strate; a source region and a drain region formed above the
first insulating film on side surfaces of the channel region,
respectively; a second msulating film formed right above the
channel region; a gate insulating film formed on a side surface
of the channel region different from the side surfaces of the
channel region on which the source region and the drain
regions are formed; and a gate electrode formed through the
gate insulating film on at least the side surface of the channel
region different from the side surfaces of the channel region
on which the source region and the drain region are formed.

A field eflect transistor manufacturing method according
to a second aspect of the present invention includes: forming,
a first insulating film, which includes at least a metal oxide
film consisting of a crystalline metal oxide different in a
lattice distance from a semiconductor substrate, on the semi-
conductor substrate; and changing a conduction of a region of
a part of the metal oxide film 1included 1n the first insulating

film.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view which depicts configuration of
a field eflect transistor (FET) according to a first embodiment
of the present invention;

FI1G. 2 1s a cross-sectional view which depicts the configu-
ration of the FET according to the first embodiment;

FIG. 3 15 a cross-sectional view which depicts the configu-
ration of the FET according to the first embodiment;

FIGS. 4A to 4F are cross-sectional views which depict
manufacturing steps of a method for manufacturing the FET
according to the first embodiment;

FIGS. 5A to S5E are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the first embodiment;

FIGS. 6A to 6E are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the first embodiment;

FIGS. 7A to 7E are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the first embodiment;

FIGS. 8A to 8C are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the first embodiment;

FIGS. 9A to 9C are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the first embodiment;

FI1G. 10 15 a typical view which depicts a cross section of
Pr,0,/510,/S1 mterfaces of the FET according to the first
embodiment;

FIG. 11 1s a chart which depicts changes of a lattice dis-
tance at predetermined positions of the FET according to the
first embodiment:
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FIG. 12 1s a characteristic chart which depicts the relation-
ship between an effective electric field and an electron mobil-
ity of the FE'T according to the first embodiment and that of an
FET according to a comparison example;

FIG. 13 1s a characteristic chart which depicts the relation-
ship between a gate voltage and a ratio of a channel width to
a drain current of the FET according to the first embodiment
and that of the FET according to the comparison example;

FIG. 14 1s a characteristic chart which depicts the relation-
ship between an effective electric field and a hold mobility of
a new Fin FET according to a second embodiment of the
present invention and that according to the comparison
example;

FIG. 15 depicts measurement positions of a Ce oxide/S1
interface according to a third embodiment of the present
imnvention;

FIG. 16 1s a chart that depicts changes of a lattice distance
at the measurement positions shown 1n FIG. 15;

FIG. 17 1s a chart that depicts the relationship between a
blending ratio of metal to oxygen and a lattice distance ofa Ce
oxide of the FET according to the third embodiment;

FIGS. 18(a) and 18()) are typical views which depict that
oxygen 1s separated from the Ce oxide, oxygen deficiency
occurs, and an average lattice distance increases in the FET
according to the third embodiment;

FIG. 19 1s a characteristic chart which depicts the relation-
ship between the effective electric field and the electron
mobility of anew Fin FET according to the third embodiment
and that according to the comparison example;

FIG. 20 1s a characteristic chart which depicts the relation-

ship between the effective electric field and the electron
mobility of the new Fin FE'T according to the third embodi-

ment and that according to the comparison example;

FIG. 21 1s a characteristic chart which depicts the relation-
ship between the effective electric field and the hole mobility
of the new Fin FET according to the third embodiment and
that according to the comparison example;

FIG. 22 depicts measurement positions of S1/510,/La,0,/
S10,/51/510,, interfaces according to a fifth embodiment of
the present invention;

FIG. 23 1s a chart that depicts changes of a lattice distance
at the measurement positions shown 1n FIG. 22;

FIG. 24 1s a characteristic chart which depicts the relation-
ship between the effective electric field and the electron
mobility of a new Fin FET according to the fifth embodiment
and that according to the comparison example;

FIG. 25 1s a characteristic chart which depicts the relation-
ship between the effective electric field and the electron
mobility of a new Fin FET according to a sixth embodiment
and that according to the comparison example;

FIG. 26 depicts measurement positions of S1/510,/La,0O,/
S10,/51/510,, interfaces according to a seventh embodiment
ol the present invention;

FIG. 27 1s a chart that depicts changes of a lattice distance
at the measurement positions shown 1n FI1G. 26;

FIG. 28 1s a characteristic chart which depicts the relation-
ship between the effective electric field and the electron
mobility of a new Fin FET according to the seventh embodi-
ment and that according to the comparison example;

FIG. 29 depicts measurement positions of S1/510,/La,0,/
S10,/51/510,/La,0O, 1nterfaces according to an eighth
embodiment of the present invention;

FIG. 30 1s a chart that depicts changes of a lattice distance
at the measurement positions shown 1n FI1G. 29;

FIG. 31 1s a characteristic chart which depicts the relation-
ship between the effective electric field and the electron
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mobility of a new Fin FET according to the eighth embodi-
ment and that according to the comparison example;

FI1G. 32 1s a chart which depicts the relationship of thresh-
olds according to the eighth embodiment and that according
to the comparison example;

FIG. 33 1s a perspective view which depicts configuration
of an FET according to a ninth embodiment of the present

invention;

FI1G. 34 1s a cross-sectional view of the FE'T taken along a
line A-A according to the ninth embodiment;

FIG. 35 1s a cross-sectional view of the FET taken along a
line B-B according to the ninth embodiment;

FIGS. 36A to 36E are cross-sectional views which depict
manufacturing steps of a method for manufacturing the FET
according to the ninth embodiment;

FIGS. 37A to 37E are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the ninth embodiment;

FIGS. 38A to 38F are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the ninth embodiment;

FIGS. 39A to 39F are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the ninth embodiment;

FIGS. 40A to 40D are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the ninth embodiment;

FIGS. 41A to 41D are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the ninth embodiment;

FI1G. 42 15 a cross-sectional view which depicts a manufac-
turing step of the method for manufacturing the FET accord-
ing to the ninth embodiment;

FI1G. 43 1s a cross-sectional view which depicts a manufac-
turing step of the method for manufacturing the FET accord-
ing to the ninth embodiment;

FI1G. 44 1s a chart which depicts the relationship between a
blending ratio of metal to oxygen and a lattice spacing of
Sr(11, ;571 34)O, of the FET according to the ninth embodi-
ment;

FI1G. 45 1s a characteristic chart which depicts the relation-
ship between the effective electric field and the electron
mobility of a new Fin FET according to the ninth embodiment
and that according to the comparison example;

FIG. 46 1s a chart which depicts threshold shift amounts
according to the ninth embodiment and the comparison

example;

FI1G. 47 1s a perspective view which depicts configuration
of an FET according to a tenth embodiment of the present
invention;

FI1G. 48 15 a cross-sectional view of the FE'T taken along a
line A-A according to the tenth embodiment;

FI1G. 49 1s a cross-sectional view of the FE'T taken along a
line B-B according to the tenth embodiment;

FIGS. 50A to 50F are cross-sectional views which depict
manufacturing steps of a method for manufacturing the FET
according to the tenth embodiment;

FIGS. 51A to 51F are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the tenth embodiment;

FIGS. 52A to 52C are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the tenth embodiment;

FIGS. 533 A to 53C are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the tenth embodiment;
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FIGS. 54 A to 54C are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the tenth embodiment;

FIGS. 55A to 55C are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the tenth embodiment;

FIGS. 56A to 56C are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the tenth embodiment;

FIGS. 57 A to 57C are cross-sectional views which depict
manufacturing steps of the method for manufacturing the
FET according to the tenth embodiment;

FIG. 58 1s a cross-sectional view which depicts a manufac-
turing step of the method for manufacturing the FET accord-
ing to the tenth embodiment;

FIG. 59 1s a cross-sectional view which depicts a manufac-
turing step of the method for manufacturing the FET accord-
ing to the tenth embodiment;

FIG. 60 1s a chart which depicts the relationship between a
blending ratio of metal to oxygen and a lattice spacing of
Sr(T1, ., 71, 5-)O, of the FET according to the tenth embodi-
ment;

FIG. 61 1s a characteristic chart which depicts the relation-
ship between a drain voltage and a delay time of a new Fin
FET according to the tenth embodiment and that according to
the comparison example.

DETAILED DESCRIPTION OF THE INVENTION

First Embodiment

The configuration of a Fin metal insulator semiconductor
(MIS) FET according to a first embodiment of the present
invention will be described with reference to FIGS. 1 to 3.
FIG. 1 1s a perspective view which depicts the configuration
of the Fin MISFET according to the first embodiment. FIG. 2
1s a cross-sectional view taken along a line A-A of FIG. 1.
FIG. 3 1s a cross-sectional view taken along a line B-B of FIG.
1.

In the MISFET according to the first embodiment, an insu-
lating film 3 that contains at least a crystalline metal oxide 1s
formed on a surface of a semiconductor substrate 15 consist-
ing of S1, and a channel region (channel layer) 55 1s formed on
the mnsulating film 3. A crystal lattice distance (hereinafter,
“lattice distance™) of the metal oxide that constitutes the
insulating film 3 on an interface differs from a lattice distance
of S1 on an 1nterface. Due to this, S1 in the channel region 55
1s applied with a stress from the insulating film 3, and a
strained S1 layer 1s thereby formed. “The lattice distance of
the metal oxide that constitutes the msulating film 3 on an
interface differs from the lattice distance of S1 on an interface™
means that the former mterface differs from the latter inter-
face 1n, for example, statistic average lattice distance. A
source region 10a and a drain region 10 5 different in con-
duction type from the channel region 56 are formed on both
sides of the channel region 5b, respectively. Further, an insu-
lating film 7 1s formed on a side surtace of the channel region
5b. A gate insulating film 7 1s formed on a side surface of the
channel region 5b. A gate electrode 9a consisting of polysili-
con 1s formed around the gate insulating film 7. Namely, the
Fin MISFET according to the first embodiment is constituted
so that the lattice distance of Si in the channel region 5&
differs from that of S11n the semiconductor substrate 15. If the
MISFET according to this embodiment 1s an n-MISFET, then
the lattice distance of the metal oxide film 1s set larger than
that of S1, and the lattice distance of S1 1n the channel region
1s widened by a tensile stress. It1s thereby possible to improve
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an electron mobility 1n the channel region (channel layer). If
the MISFET 1s a p-MISFET, then the lattice distance of the
metal oxide film 1s set either larger or smaller than that of S1,
and the lattice distance of S11n the channel region 1s changed
by the tensile stress or a compressive stress. It 1s thereby
possible to 1improve a hole mobility in the channel region
(channel layer).

A method for manufacturing the n-MISFET according to
this embodiment will next be described with reference to
FIGS. 4A to 9C. FIGS. 4A to 4E are manufacturing step
cross-sectional views taken along the line A-A of FIG. 1.
FIGS. 5A to SE are manufacturing step cross-sectional views
corresponding to FIGS. 4A to 4E, respectively, and taken
along the line B-B of FIG. 1. FIGS. 6 A to 6E are manufac-
turing step cross-sectional views taken along the line A-A of
FIG. 1. FIGS. 7A to 7E are manufacturing step cross-sec-
tional views corresponding to FIGS. 6A to 6E, respectively,
and taken along the line B-B of FIG. 1. FIGS. 8A to 8C are
manufacturing step cross-sectional views taken along the line
A-A of FIG. 1. FIGS. 9A to 9C are manufacturing step cross-
sectional views corresponding to FIGS. 8A to 8C, respec-
tively, and taken along the line B-B of FIG. 1.

First, hydrogen 1ons, for example, are implanted into an S1
substrate 1a having (001) surface orientation at an energy of
a dosage of 5x10"%/cm” and a peak range of, for example, a
S0-nanometer depth from a surface, thereby forming a high
hydrogen concentration region.

To recover the S1 substrate 1q from a damage caused by the
ion 1mplantation, the Si substrate 1a 1s subjected to a heat
treatment 1n a hydrogen atmosphere at 800° C. for 30 minutes,
for example. By subjecting the S1 substrate 1a to the heat
treatment, the substrate 1a 1s recovered from the damage, an
intermediate layer 2 having a lower mechanical strength than
that of surroundings of the mtermediate layer 2 1s formed in
the high hydrogen concentration region. At the same time, an
S1layer 3a to serve as the channel region 1s formed (see FIGS.
4A and 5A). Microscopic vacancies are continuously formed
in the intermediate layer 2, so that the intermediate layer has
the lower mechanical strength This can facilitate peeling off
the intermediate layer 2 1n a later step.

A depleted hydrofluoric acid treatment 1s carried out to
terminate a surface of the S1 substrate 1a by hydrogen. The
resultant substrate 1a 1s introduced into an electron beam
evaporations system. While a substrate temperature 1s set at,
for example, 500° C. and Pr O, 1s used as an evaporation
source, a metal oxide Pr,O; 1s evaporated by a thickness of,
for example, five nanometers, thereby forming a Pr,O, layer
(see FIGS. 4B and 3B). At this time, S1 on a Pr,O, layer
3a-side interface of the S1 layer Sa 1s oxidized, and an S10,
layer 35 having a thickness of 0.5 nanometer 1s formed
between the S1 layer 5a and the metal oxide Pr,O, layer 3a.
Further, in this embodiment, an oxygen partial pressure 1s
precisely controlled to 1x10~" Torr, thereby improving an
orientation degree of the metal oxide Pr,O, and improving a
crystallinity thereof. In addition, an X-ray diffraction evalu-
ation indicates that the Pr,O, layer 3a 1s an epitaxial layer
oriented 1n a direction of (001) surface orientation, and that a
lattice distance of Pr,O, 1n a direction parallel to an interface
between the S10, layer 35 and the Pr,O, layer 3a, 1.¢., in the
direction of (001) surface orientation 1s 5.52 angstroms. The
lattice distance of 5.52 angstroms 1s larger by 1.7% than the
lattice distance of S1 in the direction of (001) surface orien-
tation. The X-ray diffraction evaluation also indicates that a
half-value width of the X-ray diffraction is narrow, and that
the msulating film 3 consisting of Pr,O, 1s a film strongly
oriented 1n the direction of (001) surface orientation and
having a high crystallinity.
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An Si1 layer 5 having a thickness of, for example, one
micrometer 1s formed by a chemical vapor deposition (CVD)
method. At this time, S1 on a Pr,O; layer 3a-side interface of
the S1 layer 5 1s oxidized, and an S10, layer 3¢ having a
thickness of 0.5 nanometer 1s formed between the S1 layer 5
and the Pr,O; layer 3a. Namely, with this manufacturing
method, the mnsulating film having a three-layer structure
composed by the S10, layer 35 having a thickness of 0.5
nanometer, the Pr,O, layer 3a having a thickness of five
nanometers, and the S10, layer 3¢ having a thickness of 0.5
nanometer 1s formed between the S1 layer 5a and the S1 layer
5 (see FIGS. 4C and 5C).

A surface of the S1layer 5 1s bonded to the substrate 15 (see
FIGS. 4D and 5SD). Thereatter, the substrate 15 1s peeled off
with the intermediate layer 2 set as a boundary, thereby expos-
ing the S1 layer Sa onto the 1insulating film 3 consisting of the
metal oxide Pr,O;. The exposed surface of the S1 layer 5a 1s

planarized by, for example, a chemical mechanical polishing
(CMP) method (see FIGS. 4F and 5E).

As shown i FIGS. 6 A and 7A, S10,, having a thickness of
S0 nanometers 1s coated on an entire surface of the Si1 layer 3a,
thereby forming an insulating film 6. An impunity profile can
be then formed in the Si layer 3a, to serve as the channel
region, by implanting boron ions through the msulating film
6.

As shown1n FIGS. 6B and 7B, the insulating film 6 and the
S1 layer Sa are patterned by an anisotropic etching method
such as a reactive 1on etching (RIE) method, thereby forming
a channel region 56 and an insulating film 6a. At the same
time, the S10.sub.2 layer 36 {formed between the
Pr.sub.20.sub.3 layer 3a and the S1 layer 5q 1s patterned (see
FIGS. 6B and 7B).

As shown 1n FIGS. 6C and 7C, a gate isulating film 7
having a thickness of three nanometers and consisting of S10,
1s formed around the channel region 5b. At this time, a height
(gate width) of a Fin channel region 1s set at 20 nanometers, a
Fin width (channel region width) 1s set at 20 nanometers, and
a Fin length 1s set at 200 nanometers, for example. Next, a
polysilicon film 9 serving as a gate electrode 1s deposited on
entire surfaces of the Pr,O, film 3a and the gate insulating
film 7 by the CVD method (see FIGS. 6D and 7D).

The polysilicon film 9 1s patterned by the anisotropic etch-
ing method such as the RIE method, thereby forming a gate
clectrode 9a (see FIGS. 6E and 7E). Using the gate electrode
9a as a mask, 1on 1implantation and a heat treatment are carried
out, thereby forming the source and drain regions 10a and 105
doped with impurities (see FIGS. 8A and 9A). An interlayer
isulating film 11 consisting of S10, 1s deposited on entire
surfaces of the Pr,O, film 3a and the gate electrode 9a by the
CVD Method (see FIGS. 8B and 9B).

As shown 1n FIGS. 8C and 9C, contact holes are formed on
the source and drain regions 10aq and 105, metal such as Al 1s
evaporated to form a metal film on the entire surfaces, thereby
forming source and drain electrodes 12q and 12b6. The Fin
n-MISFET 1s thus completed.

Characteristics of the insulating film 3 of the Fin n-MIS-
FET having the structure shown 1n FIGS. 4A to 9C will next
be described 1n detail. Normally, even 11 a metal oxide used as
an insulating film 1s crystalline, the lattice distance of the
metal oxide does not influence Siofa channel layer. However,
the inventors of the present application discovered that by
forming the Pr,O, layer 3a strongly oriented to (001) surface
orientation and having high crystallinity, the tensile stress 1s
applied to S1 1n the channel region 1n a channel direction and
the lattice distance 1s changed. FIG. 10 1s an enlarged view of
the msulating film 3 and the channel region 36 1n the n-MIS-
FET having the structure shown in FIGS. 4A to 9C, and 15 a
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typical view which depicts a cross-sectional structure of the
MISFET in the PrZO layer 3a, the S10, layers 35 and 3¢, and
the channel region 3b. FIG. 11 deplcts changes of the lattice
distance obtained from an electron beam diffraction 1image
measured using a transparent electron microscope (hereinat-
ter, “TEM”).

The lattice distance measured herein is that in a direction
parallel to the interface. As shown 1n FIG. 10, measurement
points are a point P1 of S1 in the channel region 56 distant
from the interface between the Pr,O, layer 3a/510, layer 356
and the S1 layer 55 by 20 nanometers, a position P2 of S1 near
the interface between the Pr,O, layer 3a/510, layer 36 and the
S1layer 5b, a position P3 1in the Pr,O; layer 3a, and a position
P4 of S11n the substrate 5 distant from the interface between
the Pr,O; layer 34/510, layer 3¢ and the S1 layer 5 by 250
nanometers. In FIG. 11, the vertical axis indicates changes of
the lattice distance at the respective measurement points with
reference to the lattice distance of Si1n the substrate 5 distant
from the 1nterface between the Pr,O; layer 3a/510, layer 3¢
and the S1 layer 5 by 250 nanometers, that 1s, with reference
to the lattice distance at the position P4.

A lattice distance change of the Pr,O; layer 1s +1.7%,
which coincides with a result obtained from the X-ray dif-
fraction. Further, S1 on the interface 1s strained in the form in
which S11s pulled by this Pr,O, layer 3a, and a lattice distance
change at the position P2 near the interface between the Pr,O,
layer 3a/510, layer 36 and the Si1 layer 5 1s +0.5%. The
position P1 of Si in the channel region 356 distant by 20
nanometers from the interface between the Pr,O, layer
3a/S10, layer 35 and the Si1 layer 5 undergoes a lattice dis-
tance change, and the lattice distance 1s widened by +0.4%.

This result shows that if the insulating film consisting of the
high crystalline metal oxide different in lattice distance from
S11s used as a underlying insulating film of the channel region
5b, the lattice distance of the S1layer in the channel region can
be changed. The reason 1s considered as follows. By improv-
ing the crystallinity of the metal oxide, an elastic constant of
the metal oxide 1s increased, that 1s, crystals of the metal oxide
are hardened qualitatively. Due to this, the lattice distance of
the metal oxide greatly influences Si, so that a lattice defor-
mation occurs even to the channel region 34 distant from the
interface by 20 nanometers.

Next, characteristics of a new Fin n-MISFET in which the
crystalline Pr,O; layer 3 different 1n lattice distance from S11s
used as the underlying insulating film according to the first
embodiment, a conventional Fin n-MISFET 1n which the
S10, film 1s used as the underlying insulating film, and a
strained S1 n-MISFET using S1Ge will be described with
reference to FIGS. 12 and 13. It 1s noted that a strain of the
strained S1 n-MISFET and that of the new Fin n-MISFET are
set equal. FIG. 12 1s a characteristic chart which depicts the
relationship between an effective electric field and an effec-
tive mobility of electrons. FIG. 13 1s a characteristic chart
which depicts the relationship between a gate voltage Vg and
Id/w (a ratio of a drain current Id to a channel width w). The
“effective electric field” means an electric field actually
applied to the insulating film. The “effective mobility” means
a mobility of carriers (electrons in this embodiment) when the
clfective electric field 1s applied to the insulating film.

Attention will be first paid to the relationship between the
elfective electric field and the electron mobility shown 1n
FIG. 12. In FIG. 12, a broken line indicates a universal curve,
a solid line (a thin line) indicates a characteristic curve of the
conventional Fin n-MISFET having the S10, film used as the
underlying insulating film, a solid line (an intermediate thick
line) indicates a characteristic curve using S1Ge and having a
Ge concentration of 13% of the strained S1n-MISFET having
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the Pr,O, layer used as the underlying insulating film, and a
solid line (a thick line) indicates a characteristic curve of the
new Fin n-MISFET having the Pr,O; layer used as the under-
lying insulating film. The universal curve 1s a curve that
shows the relationship between the effective electric field and
the effective mobility 11 the gate insulating film of an ordinary
flat MISFET other than the Fin MISFET 1s the S10, film.

As 15 obvious from FIG. 12, the mobaility of the conven-
tional Fin n-MISFET having the S10, film used as the under-
lying msulating film 1s lower than that of the universal curve.
This 1s because the channel region 1s applied with the com-
pressive strain from the underlying S10, film, an effective
mass of electrons 1s heavier, and the moblhty 1s thereby
lowered. On the other hand 1n strained S1 n-MISFET 1ntro-
ducing the applying the tensile strain into the channel region
the mobility 1s higher than that of the universal curve. The
mobility of the new Fin n-MISFET having the Pr,O, layer
used as the underlying insulating film 1s far higher than that of
the conventional Fin n-MISFET having the S10,, film used as
the underlying insulating film. Besides, desplte the equal
strain, the mobaility of the new Fin n-MISFElT 1s higher than
that of the strained S1n-MISFET. This 1s because the channel
region 1s free from the compression strain caused by the S10,
film by using the metal oxide layer as the underlying insulat-
ing film, and the carnier scattering caused by Ge and pass-
through dislocation can be avoided.

Attention will be next paid to the relationship between the
gate voltage Vg and Id/w shown 1n FIG. 13. By applying the
tensile strain into the channel region, the Id/w ratio of the new
Fin n-MISFET 1s improved, 1.e., twice or more as high as that
of the stramned Si n-MISFET. This 1s because the carrier
scattering caused by Ge and pass-through dislocation can be
avoided and the mobaility can be improved by not only form-
ing the Fin channel but also using the metal oxide layer as the
underlying insulating film.

As described so far in detail, according to the first embodi-
ment, differently from the strained Si n-MISFET using the
SGOI substrate, the carrier scattering caused by Ge does not
occur. Theretore, even with the same strain, the electron
mobility can be improved. Furthermore, the disadvantage of
the conventional Fin FET using the S10, {ilm as the underly-
ing insulating film, that 1s, the disadvantage of the deteriora-
tion of the electron mobility can be solved. Therefore, the
advantageous character of the Fin FET 1n which the Id can be
doubled can be made use of, and 1t 1s thereby possible to

realize the Id/w ratio twice or more as high as that of the
strained S1 MISFET.

Second Embodiment

A p-MISFET according to a second embodiment of the
present invention will be described. The p-MISFET accord-
ing to the second embodiment 1s constituted so that a metal
oxide film smaller than S1 1n lattice distance, e.g., Dy,O; 1s
used so as to apply a compressive stress to SI 1n a channel
region. Namely, in the p-MISFET according to the second
embodiment, the metal oxide film that constitutes the 1nsu-
lating film 3 1s Dy,O; m place of Pr,0O;, and the channel
region 3b has an n conduction type and the source region 10a
and the drain region 1056 have p conduction type, as compared
with the n-MISFET according to the first embodiment. A
manufacturing method for the p-MISFET 1s substantially
equal to the method shown in FIGS. 4A to 9C. In this embodi-
ment, the metal oxide film consisting of Dy,O; 1s formed by
the electron beam evaporation method. In the p-MISFET
according to the second embodiment, similarly to the first
embodiment, the insulating film 3 1s alayer structure in which
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a Dy,0O, layer having a thickness of 5 nanometers 1s put
between S10, layers each having a thickness of 0.5 nanom-
cters. Similarly to the first embodiment, an oxygen partial
pressure is precisely controlled to 1x10~ Torr during forma-
tion of the Dy,O; layer, thereby improving an orientation
degree of the Dy,O; layer and improving a crystallinity
thereof.

An X-ray diffraction evaluation indicates that the Dy,O,
layer 1s an epitaxial layer oriented 1n the direction of (001)
surface orientation, and that a lattice distance of Dy,O; 1n a
direction parallel to an interface between S1 and Pr,O,, 1.€., 1n
the direction of (001) surface orientation 1s 5.33 angstroms.
The lattice distance of 5.33 angstroms 1s smaller by 1.8% than
the lattice distance of Si1 in the direction of (001) surface
orientation. The X-ray diffraction evaluation also indicates
that a half-value width of the X-ray diffraction 1s narrow, and
that the Dy,O; layer1s a film strongly oriented 1n the direction
of (001) surface orientation and having a high crystallinity. A
result of a lattice distance evaluation using the electron beam
diffraction indicates that 11 the Dy O, layer strongly oriented
in the direction of (001) surface orientation and having the
high crystallinity, the compressive stress 1s applied to S11n the
channel region and the lattice distance 1s narrowed.

A lattice distance change of the Dy ,O, layer parallel to the
interface with Si1, that is, in the direction of (001) surface
orientation 1s —1.8%, S1 on the interface 1s strained following
this Dy,O; layer, and a lattice distance change of the Dy,O,
layer parallel to the interface 1s —0.5%. Even S1 distant from
the interface by 20 nanometers undergoes a lattice distance
change of —0.4%. This result shows that 11 the insulating film
consisting of the metal oxide film smaller 1n lattice distance
than S1 and high 1n crystallinity 1s used as a gate insulating
f1lm, the lattice distance of the S1 layer in the channel region
can be narrowed.

Next, characteristics of a Fin p-MOSFET having the
Dy,O, different in lattice distance from S1 used as a underly-
ing insulating film according to the second embodiment and a
strained S1 p-MOSFET using S1Ge will be described with
reference to FIG. 14. FIG. 14 1s a characteristic chart which
depicts the relationship between an effective electric field and
an elffective mobility of holes. In FIG. 14, a broken line
indicates a universal curve, a solid line (a thin line) indicates
a characteristic curve of the strained S1 p-MOSFET using
S1Ge and having a Ge concentration of 13%, and a solid line
(a thick line) indicates a characteristic curve of the new Fin
p-MOSFFET having Dy,O, layer used as a underlying insu-
lating film.

As 1s obvious from FI1G. 14, the mobility of the strained S1
p-MOSFET in which a tensile strain i1s introduced into the
channel region i1s higher than that of the umversal curve.
Therefore, the strained S1 p-MOSFET exhibits an effect of
introducing the tensile stress. The new Fin p-MOSFET hav-
ing the Dy,O; layer applied with a compressive strain and
used as the underlying insulating film exhibits a greater etl

ect
than the strained S1 p-MOSFET. This 1s because by using the
metal oxide smaller 1n lattice distance than Si1 as the underly-
ing isulating film, the compressive strain can be introduced
into the channel region, an el

ective mass of holes 1s lighter
than that 1f the tensile strain 1s introduced, and scattering
caused by Ge can be avoided.

As described above in detail, according to this embodi-
ment, the compressive strain can be applied to the channel
region, so that the hole mobility can be improved more effec-
tively than the strained Si transistor using Si1Ge.

According to this embodiment, by using the insulating film
consisting of the metal oxide different 1n lattice distance from
S1 as a buried 1nsulating film, both the tensile strain and the
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compressive strain can be applied to the channel region. Due
to this, the Fin transistor characteristics of the p-MISFET, 1.¢.,
the driving force can be greatly improved similarly to the
n-MISFET.

More preferably, a rare-carth oxide containing at least one
clement selected from rare-earth elements (Sc, Y, La, Ce, Pr,
Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) 1s used
as the crystalline metal oxide. This 1s because the crystallinity
of the rare-earth oxide can be easily improved by controlling
film formation conditions, and the rare-earth oxide enables
elfectively changing the lattice distance of Si1. If the rare-earth
oxide containing at least one selected from Ce, Dy, Y, La, Pr
and Gd 1s used, 1 particular, a film having a high crystallinity
scan be realized and a particularly excellent effect can be
obtained.

The first and the second embodiments have been described
while referring to the mstances of using Pr,O; and Dy,O; as
the crystalline metal oxides, respectively. Alternatively, the
crystalline metal oxide may be an oxide having a perovskite
structure such as SrT10;, SrZrO,, Sr(T1Zr)0O;, or SrCeQ,.
Further, an oxide having a rock-salt structure such as MgO,
CaO, SrO or BaO, Al,O,, or MgAl,O, having a spinel struc-
ture exhibits an equivalent effect. The crystalline metal oxide
having crystal orientation has been used in the first and the
second embodiments. If a monocrystalline metal oxide film
having uniform orientation 1s used, a larger lattice distance
change occurs. As the film formation method for the crystal-
line metal oxide, the electron beam evaporation method has
been used. Alternatively, the other film formation method
such as the CVD method, the sputtering method, or a molecu-
lar beam epitaxy (MBE) method may be used.

The selection of one of the crystalline metal oxides stated
above depends on whether the tensile stress or the compres-
stve stress 15 to be applied to S1. If the n-MISFET 1s manu-
factured, the electron mobility 1s improved 1n S1 applied with
the tensile stress. Therefore, one of the metal oxides larger in
lattice distance than S1 may be selected. If the p-MISFET 1s
manufactured, the hole mobility of the p-MISFET can be
improved whether the tensile stress or the compressive stress.
Therefore, one of the metal oxides different 1n lattice distance
from S1 may be selected. In addition, depending on the stress
to be applied to Si, the lattice distance of the metal oxide may
be selected. If a desired lattice distance and a desired stress
cannot be achieved by the metal oxide consisting only of one
metal element, a metal oxide consisting of two or more metal
clements may be used. For example, by using (Eu, Dy, _),0;
containing two metal elements of Eu and Dy, the lattice dis-
tance change of the metal oxide relative to S1 can be arbitrarily
varied 1n a range between zero to —1.8%.

Third E

Embodiment

An n-MISFET according to a third embodiment of the
present mvention will be described. In this embodiment, a
metal oxide having an oxygen blending ratio lower than a
stoichiometric ratio, e.g., a Ce oxide 1s used so as to apply a
tensile stress to S1 1n a channel region. Namely, the n-MIS-
FET according to this embodiment is constituted so that the
metal oxide film that constitutes an insulating film 3 1s the Ce
oxide 1n place of Pr,O,, as compared with the n-MISFET
according to the first embodiment shown in FIGS. 1 to 9C. In
this embodiment, the insulating film 3 1s composed by a
single Ce oxide layer as will be described later. A method for
manufacturing the n-MISFET according to this embodiment
1s substantially equal to the method shown 1n FIGS. 4A to 9C.

A substrate consisting of S1 having (111) surface orienta-

tion 1s used. The Ce oxide 1s formed by the MBE method.
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After an S1 surface 1n the channel region 1s subjected to a
depleted hydrofluoric acid treatment to terminate a surface of
the S1 substrate by hydrogen, the S1 substrate 1s introduced
into an MBE system. While a substrate temperature 1s set at,
for example, 700° C. and Ce 1s used as an evaporation source,
Ce 1s evaporated to form a 0.6 monolayer. Therealiter, an
ozone O, gas or an oxygen gas 1s supplied, thereby forming an
insulating film consisting of the Ce oxide and having a thick-
ness of five nanometers. An oxygen partial pressure during,
film formation is controlled to 1x10~° Torr. By using this film
formation method, the monocrystalline Ce oxide film directly
bonded to Si1 and oriented 1n a direction of (111) surface
orientation can be epitaxially grown without forming an
amorphous layer such as an S10,, layer on an interface. The
inventors of the present invention already made a report that
a very thin gate insulating film can be realized using this
method (see Y. Nishikawa et al., “Ext. Abst. Inter. Conf. on
Solid State Devices and Matenials™, Tokyo, p. 174, 2001).

Characteristics of the gate insulating film of the n-MISFET
according to the third embodiment will next be described 1n
detail with reference to FIGS. 15 and 16. The n-MISFET
according to this embodiment 1s constituted so that the nsu-
lating film 3 consists of the Ce oxide, as compared with the
first embodiment. FIG. 15 1s an enlarged view of the insulat-
ing film consisting o the Ce oxide and the channel region, and
a typical view of a cross-sectional structure of the insulating
f1lm consisting of the Ce oxide and of the channel region. FIG.
16 depicts changes of the lattice distance obtained from the
clectron beam diffraction image measured by the TEM. The
lattice distance measured herein 1s that 1n a direction parallel
to the interface. As shown 1n FIG. 15, measurement points are
a point P1 of S11n the channel region distant from the interface
between the msulating film consisting of the Ce oxide and S1
by 20 nanometers, a position P2 of Si near the interface
between the Ce oxide serving as a first insulating film and 51,
a position P3 of the Ce oxide serving as the first mnsulating
film, and a position P4 of substrate-side Si distant from the
interface by 250 nanometers.

In FIG. 16, changes of the lattice distance at the respective
measurement points with reference to the lattice distance of
substrate-side Si1 distant from the interface by 250 nanom-
eters, that 1s, with reference to the lattice distance at the
position P4. The lattice distance of the Ce oxide at the position
P3 1s larger than S1 by about +0.8%. Following this, S1 1n the
channel region near the interface between the Ce oxide and Si
at the position P2 1s strained by +0.75%. I addition, Si11n the
channel region distant from the interface between the Ce
oxide as the first insulating film and Si1 by 20 nanometers at
the position P1 undergoes a lattice distance change, which 1s
as large as +0.65%. Since CeQO, 1s directly bonded to S1 and
the difference 1n lattice distance influences the Si layer more
directly, the S1 layer 1s largely strained and has the lattice
distance change 1s increased to be substantially equal to that
of the CeQ, layer.

The lattice distance of CeQO, that 1s a bulky Ce oxide 1s
reported as 5.411 angstroms. As compared with the lattice
distance of S1(5.430 angstroms), the lattice distance of CeQO,
must be small. However, according to an experimental result
of the inventors ol the present invention, the lattice distance of
CeQ, 1s completely opposite to the reported lattice distance of
CeO,, and the Ce oxide 1s larger 1n lattice distance than Si1 as
shown in FIG. 16. The iventors of the present mvention
considered causes for this experimental result 1n detail. As a
result, the mventors obtained a new knowledge that it the
oxygen blending ratio of the Ce oxide changes, the lattice
distance changes, accordingly. FIG. 17 depicts the relation-
ship between the oxygen blending ratio and the lattice dis-
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tance of the Ce oxide (CeOx). The oxygen blending ratio 1s
measured by energy-dispersive X-ray fluorescent spectros-
copy (EDX). When the oxygen blending ratio is the stoichio-
metric ratio (x=2.0), the lattice distance 1s 5.411 angstroms,
which coincides with the reported lattice distance of the Ce
oxide (CeQ,).

If the oxygen blending ratio 1s lower than the stoichiomet-
ric ratio and less than 2.0 (x<2.0), the lattice distance 1s
widened. The reason that the lattice distance of the Ce oxide
1s greatly changed according to the oxygen blending ratio 1s
considered as follows. The Ce oxide 1s a crystal forming
strong 1onic bonds. FIGS. 18(a) and 18(d) are typical views
which depict oxygen depletion 1n the Ce oxide. If oxygen
atoms at lattice positions in the crystal are separated (FIG.
18(a)—FI1G. 18(b)), then Ce atoms bound with the separated
oxygen atoms are pulled to the other oxygen atoms, lattice
positions of the Ce atoms bound with the separated oxygen
atoms are changed from the original positions. As a result, an
average distance between the lattices 1s widened and the
lattice distance 1s widened, accordingly.

The Ce oxide used 1n this embodiment is larger 1n lattice
distance than S1 by +0.8% and has an oxygen blending ratio of
1.77. The oxygen blending ratio 1s lowered because the oxy-
gen partial pressure during the film formation of MBG 1s set
as low as 1x10° Torr. By controlling the oxygen partial pres-
sure, the oxygen blending ratio of the Ce oxide can be
changed. If the oxygen partial pressure i1s controlled to
110~ Torr, the blending ratio is 1.89.

Characteristics of a new Fin n-MOSFET 1n which the
crystalline Ce oxide film different 1n lattice distance from Si
1s used as a underlying insulating film will be described. FIG.
19 depicts the relationship between an effective electric field
and an effective mobility of electrons. In FIG. 19, a broken
line indicates a universal curve, and two solid lines indicate
the electron mobility of the new Fin n-MOSFET with differ-
ent oxygen blending ratios, respectively. As 1s obvious from
FIG. 19, 11 the oxygen blending ratio 1s lower, the mobaility 1s
higher. The reason 1s as follows. It the oxygen blending ratio
1s lower, the lattice distance of the Ce oxide 1s larger. Accord-
ingly, the lattice distance of S1 in the channel region 1s larger,
thereby improving the electron mobility.

Characteristics of the new Fin n-MOSFET 1n which the Ce
oxide film 1s used as the underlying insulating film according
to this embodiment and the new Fin n-MOSFET having the
PrO, layer as the underlying insulating film when a strain of
S1 1n the channel region of the former new Fin n-MOSFET
and that of the latter new Fin n-MOSFET are set equal will be
described with reference to FIG. 20. FIG. 20 depicts the
relationship between the etffective electric field and the effec-
tive mobility of electrons. In FIG. 20, a broken line indicates
a universal curve, and a solid line (a thin line) indicates a
characteristic curve of the new Fin n-MOSFET using the
Pr,O, layer as the underlying insulating film, and a solid line
(a thick line) indicates a characteristic curve of the new Fin
n-MOSFET using the Ce oxide film as the underlying insu-
lating film. As 1s obvious from FIG. 20, if the Ce oxide film 1s
used as the underlying insulating film, the mobility 1s
improved.

Using a low angle incident mn-plane X-ray diffraction
method, a diffraction spectrum of S1 of a transistor having a
direct bonded film 1n which the Ce oxide 1s directly bonded to
S1 stmilarly to this embodiment, and that of a transistor in
which the S10, film 1s present on an interface between the Ce
oxide and Si1 are measured. In the measurement, the strain of
S1 of the former 1s set equal to that of the latter. According to
a measurement result, in the transistor having the directly
bonded film, a half-value width 1s substantially equal to that
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of bulky Si. In the transistor 1n which the S10,, film 1s present
on the interface, a half-value with 1s larger. This indicates the
following respects. Even with the equal strain on average, the
transistor having the S10, film present on the interface has a
large irregularity in strain, and the transistor having the
directly bonded film has a small irregulanty in strain. The
inventors of the present invention discovered that 1f the S10,
film 1s present on the interface, an inclined grain boundary
occurs to a metal oxide film and the lattice distance in a
constant direction locally differs. This 1s considered to cause
the 1rregularity in strain. The irregularity in strain, n turn,
causes an 1rregularity in mobility and, further, the deteriora-
tion of the mobility. Accordingly, as a result of using the
directly bonded film capable of reducing the irregularity, the
mobility of the new Fin n-MOSFET according to this
embodiment 1s improved.

As described above 1n detail, according to the embodiment
in which the directly bonded film 1s used, the tensile stress can
be uniformly applied to the channel region, and the electron
mobility can be improved as compared with the transistor
having the S10, film present on the interface.

More preferably, a rare-earth oxide containing at least one
clement selected from rare-earth elements (Sc, Y, La, Ce, Pr,
Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) forming
strong 1onic bonds 1s used as the crystalline metal oxide. I the
oxide containing at least one of Ce, Dy, Y, La, Pr, and Gd 1s
used, 1n particular, the oxygen blending ratio can be precisely
controlled and the particularly excellent effect can be
obtained.

The third embodiment has been described while referring
to the 1mstance of using CeO, as the crystalline metal oxide.
However, the equivalent advantage can be obtained even 1f
any other crystalline metal oxide forming strong ionic bonds
1s used. Namely, the crystalline oxide having a perovskite
structure such as Sr110,, SrZrO,, Sr(1T1Zr)O, or SrCeO, may
be used. Further, an oxide having a rock-salt structure such as
MgQO, CaO, SrO or BaO, Al,O;, or MgAl,O, having a spinel
structure may be used. The monocrystalline Ce oxide has
been used 1n this embodiment. However, 11 a polycrystalline
oxide film having uniform orientation 1s used, the equivalent
advantage can be obtained. As the film formation method for
the crystalline metal oxide, the MBE method 1s used 1n this
embodiment. Alternatively, the other film formation method
such as the CVD method, the sputtering method, or the elec-
tron beam evaporation method may be used.

The MISFET 1s formed on the S1 substrate having (001)
surface orientation according to the first and the second
embodiments. The MISFET 1s formed on the Si substrate
having (111) surface orientation according to the third
embodiment. The surface orientation of the S1 substrate may
be either (001) or (111). In addition, the surface orientation of
the S1 substrate on which the MISFET 1s formed may be
(110), or may be shifted from these surface orientations.

Fourth Embodiment

A p-MISFET according to a fourth embodiment of the
present invention will be described. The p-MISFET accord-
ing to this embodiment 1s constituted so that a metal oxide
having a rock-salt structure 1s put between a crystalline metal
oxide and a channel region so as to strain Si 1n the channel
region more ellectively. Namely, as compared with the
n-MISFET according to the first embodiment shown 1in FIGS.
1 to 3, the p-MISFET according to this embodiment 1s con-
stituted so that the metal oxide having a rock-salt structure 1s
put between a metal oxide film that constitutes an insulating,
film 3 and a channel region 35, and so that the channel region
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5b has an n conduction type and a source region 10q and a
drain region 105 have a p conduction type. A manufacturing
method for the p-MISFET 1s substantially equal to the
method shown 1n FIGS. 4a to 9C. SrO 1s used as the metal
oxide having the rock-salt structure, Dy,O; 1s used as the
metal oxide. The two metal oxide are formed by the MBE
method.

After an S1 surface 1n the channel region 55 1s subjected to
a depleted hydrofluoric acid treatment to terminate a surface
of the S1 substrate by hydrogen, the S1 substrate 1s introduced
into an MBE system. While a substrate temperature 1s set at,
for example, 300° C. and metal Sr 1s used as an evaporation
source, Sr 1s evaporated to form two atomic layers. Thereat-
ter, an oxygen gas 1s supplied, thereby forming an SrO. Next,
the substrate temperature 1s set at, for example, 700° C. and
metal Dy and the oxygen gas are supplied, thereby forming a
Dy,O, layer having a thickness of five nanometers. An oxy-
gen partial pressure during film formation 1s controlled to
110~ Torr. By forming the two atomic layers of SrO on Si,
the Dy,O; layer 1s formed without forming the S10, layer as
shown 1n the second embodiment. This 1s because SrO pre-
vents oxygen diflusion. Namely, the msulating film has a
layered structure composed by the two SrO atomic layers and
the Dy,O; layer having a thickness of five nanometers.

An X-ray diffraction evaluation indicates that the Dy,O,
layer thus formed has a high orientation degree and a good
crystallimity. The evaluation also indicates that the Dy,O,
layer 1s an epitaxial layer oriented in a direction of (001)
surface orientation, and that a lattice distance of Dy,O; 1n a
direction parallel to an interface between S1 and Dy ,O,, 1.e.,
in the direction o1 (001 ) surface orientation1s 5.33 angstroms.
The lattice distance of 5.33 angstroms 1s smaller by 1.8%
than the lattice distance of S1 having (001) surface orienta-
tion. A lattice distance evaluation using electron beam dif-
fraction indicates that a compressive stress 1s applied to S1 1n
the channel region and the lattice distance of Si 1s thereby
narrowed. A lattice distance change of Dy,O, 1s —-1.8% and a
lattice distance change of SI near the interface 1n a direction
parallel to the interface 1s 0.8%. Even S1 distant from the
interface by 20 nanometers undergoes a lattice distance
change, which 1s —-0.7% 1n the direction parallel to the inter-
face. An amount of this lattice distance change of S1 1s
increased to be about twice as large as that according to the
second embodiment 1n which the SrO layer 1s not used. The
reason 1s as follows. Since the amorphous S10, layer 1s not
formed, the difference between the metal oxide films 1n lattice
distance influences the Silayer more directly. In addition, the
lattice distance of SrO 1s 5.12 angstroms, which 1s smaller
than that of DY ,O,, so that the effect of applying the com-
pressive stress 1s improved.

In the fourth embodiment, the thickness of the SrO layer 1s
the two atomic layer thickness. It 1s known that the thickness
of the SrO layer 1s preferably 1n a range of one to three atomic
layers. A matter such as SrO or MgO 1s unstable in the air. Due
to this, 11 the thickness of the SrO layer 1s made larger than the
two atomic layer, the crystallinity of the SrO layer changes
with the passage of time and the characteristic thereof 1s
deteriorated. If the thickness 1s smaller than one atomic laver,
the effect of suppressing oxygen diffusion cannot be obtained
and the S10, layer 1s generated.

Characteristics of a new Fin p-MOSFET having a under-
lying insulating film that includes the SrO layer and the
Dy .0, layer as stated above, a new Fin p-MOSFET having a

underlying imsulating film composed only by the Dy,O,
layer, and a stramned S1 p-MOSFET using Si1Ge will be
described with reference to FIG. 21. FIG. 21 depicts the

relationship between an effective electric field and an effec-
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tive mobility of holes. In FIG. 21, a broken line 1ndicates a
universal curve, a solid line (a thin line) indicates a charac-
teristic curve of the strained S1 p-MOSFET using S1Ge and
having a Ge concentration of 13%, a solid line (an interme-
diate thick line) indicates a characteristic curve of the new Fin
p-MOSFFET having the underlying msulating film composed
only by the Dy,O, layer, and a solid line (a thick line) indi-
cates a characteristic curve of the new Fin p-MOSFET having
the underlying insulating film that includes the SrO layer and
the Dy,O, layer.

As 1s obvious from FIG. 21, even if the underlying insu-
lating layer 1s composed only by the Dy, O, layer, a compres-
stve strain can be introduced into the channel region and
carrier spattering caused by Ge can be avoided. Therefore, the
hole mobility of the new Fin p-MOSFET having the under-

ating film composed only by the Dy,O, layer 1s

lying 1nsu.
improved from the strained S1 p-MOSFFET. If the underlying
insulating {ilm has the layered structure of the SrO layer and
the Dy,O; layer, the mobility 1s further improved. This 1s
because a suilicient compressive strain can be applied to the
S1 layer in the channel region by putting the SrO layer
between the Dy,O; layer and the channel region.

As stated above 1n detail, according to this embodiment,
the compressive strain can be effectively applied to the chan-
nel region, and the hole mobility can be improved more
elfectively than the strained Si1 transistor using Si1Ge.

As can be seen, according to this embodiment, by inserting
the metal oxide having the rock-salt structure, the effect of
using the metal oxide different 1n lattice distance from Si1 can
be more improved. In this embodiment, SrO 1s used as the
metal oxide having the rock-salt structure. Alternatively, the
other metal oxide having the rock-salt structure may be used.
I1 the metal oxide film having the rock-salt structure such as
SrO, MgO, Ca0O, or BaO film, in particular, the effect of
suppressing oxygen diffusion can be conspicuously observed
and the transistor characteristics can be greatly improved. If
the tensile stress 1s to be applied to S1, BaO that 1s the metal
oxide having the rock-salt structure and larger in lattice dis-
tance than S11s preferably used. If the compressive stress 1s to
be applied to S1, SrO, MgO, or CaO that 1s the metal oxide
having the rock-salt structure and smaller 1n lattice distance
than Si1 1s preferably used. However, the lattice distance
change of the S1layer mainly depends on the crystalline metal
oxide having a large thickness. In the structure, for example,
in which SrO smaller 1n lattice distance than S1 1s provided,
and 1 which Pr,O; larger 1n lattice distance than Si1 1s pro-
vided on SrO, S1 1n the channel region 1s applied with the
tensile stress. Therefore, a combination of the metal oxide
having the rock-salt structure and the crystalline metal oxide
can be arbitrarily selected.

More preferably, a rare-earth oxide containing at least one
clement selected from rare-earth elements (Sc, Y, La, Ce, Pr,
Nd, Pm, Sm, Fu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) 1s used
as the crystalline metal oxide. This 1s because the crystallinity
of the rare-ecarth oxide can be easily improved by controlling
film formation conditions, and the rare-earth oxide enables
elfectively changing the lattice distance of S. If the rare-earth
oxide containing at least one selected from Ce, Dy, Y, La, Pr
and Gd 1s used, 1n particular, a film having a high crystallinity
scan be realized and a particularly excellent effect can be
obtained.

The fourth embodiment has been described while referring
to the 1instance of using Dy,O, as the crystalline metal oxide.
The crystalline metal oxide may be a crystalline oxide having
a perovskite structure such as Sr110,, SrZrO;, Sr(117r)O; or
SrCeQ,. Further, even 1f Al,O; or MgAl,O, having a spinel
structure 1s used, the equivalent advantage can be obtained.
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The crystalline metal oxide having crystal orientation has
been used in the fourth embodiment. If a monocrystalline

metal oxide film having uniform orientation is used, a larger
lattice distance change occurs. As the film formation method
for the crystalline metal oxide, the electron beam evaporation
method has been used. Alternatively, the other film formation
method such as the CVD method, the sputtering method, or
the MBE method may be used.

In the fourth embodiment, the mnstance of using the Si1
substrate having (001 ) surface orientation has been described.
However, the surface orientation of the S1 substrate may be

any one of (111), (111), and (110). Further, the surface ori-
entation may be shifted from these surface orientations.

In the fourth embodiment, the n-MISFET has been
described. However, the fourth embodiment can be carried
out using a p-MISFET by the similar method. The selection of
one of the crystalline metal oxides stated above depends on
whether the tensile stress or the compressive stress 1s to be
applied to S1. If the n-MISFET 1s manufactured, the electron
mobility 1s improved 1n Si1 applied with the tensile stress.
Therefore, one of the metal oxides larger 1n lattice distance
than S1 may be selected. It the p-MISFET 1s manufactured,
the hole mobility of the p-MISFET can be improved whether
the tensile stress or the compressive stress. Therefore, one of
the metal oxides different 1n lattice distance from S1 may be
selected. In addition, depending on the stress to be applied to
S1, the lattice distance of the metal oxide may be selected. It
a desired lattice distance and a desired stress cannot be
achieved by the metal oxide consisting only of one metal
clement, a metal oxide consisting of two or more metal ele-
ments may be used. For example, by using (Eu Dy, _,),0,
containing two metal elements of Eu and Dy, the lattice dis-
tance change of the metal oxide relative to Sican be arbitrarily

varied 1n a range between zero to —1.8%.

Fifth F

Embodiment

The configuration of a MISFET according to a fifth
embodiment of the present invention will be described with
reference to FIGS. 1 to 9C. The MISFET according to this
embodiment 1s constituted so that the insulating film 6qa
includes at least a crystalline metal oxide film, and so that
lattice distances of metal oxide films included 1n the mnsulat-
ing films 3 and 6a are both larger or smaller than Si1, as
compared with the MISFET according to the first embodi-
ment shown in FIGS. 1 to 3. Theretfore, S1 in the channel
region 3b 1s applied with stresses from both the 1nsulating
films 3 and 6a, thereby forming a strained Si1 layer.

That 1s, according to this embodiment, the lattice distance
of S11n the channel region 3 1s set different from that of S11n
the semiconductor substrate 15. In case of an n-MISFET, the
lattice distances of the metal oxide films that constitute the
respective insulating films 3 and 6« are set larger than that of
S1, and the lattice distance of S1 1n the channel layer 5a 1s
widened by a tensile stress. The electron mobility on the
channel region can be thereby improved. In case of a p-MIS-
FET, the lattice distances of the metal oxide films that con-
stitute the respective insulating films 3 and 64 are set larger or
smaller than that of Si1, and the lattice distance of S1 in the
channel region 1s changed by the tensile stress or the com-
pressive stress. The hole mobility in the channel region 5a can
be thereby improved. Further, the metal oxide films different
in lattice distance from Si are arranged above and below the
channel region 5a, a change of the lattice distance uniform 1n
a depth direction can be generated in the entire channel
region. Accordingly, as compared with the first to the fourth
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embodiments, the carrier mobility 1s expected to be improved
according to the fifth embodiment.

A method for manufacturing the MISFET according to this
embodiment will be described, taking the n-MISFET as an
example with reference to FIGS. 4A to 9C.

First, hydrogen 1ons, for example, are implanted 1nto a S1
substrate 1a having (001) surface orientation at an energy of
a dosage of 5x10"%/cm” and a peak range of, for example, a
S0-nanometer depth from a surface, thereby forming a high
hydrogen concentration region. To recover the Si substrate 1a
from a damage caused by the 1on implantation, the S1 sub-
strate 1a 1s subjected to a heat treatment 1n a hydrogen atmo-
sphere at 800° C. for 30 minutes, for example. By subjecting
the Si1 substrate 1a to the heat treatment, the substrate 1a 1s
recovered from the damage, an intermediate layer 2 having a
lower mechanical strength than that of surroundings of the
intermediate layer 2 1s formed 1n the high hydrogen concen-
tration region. At the same time, an S1 layer 5a to serve as the
channel region 1s formed (see FIGS. 4A and SA). Micro-
scopic vacancies are continuously formed in the intermediate
layer 2, so that the intermediate layer has the lower mechani-
cal strength. This can facilitate peeling off the intermediate
layer 2 1n a later step.

A depleted hydrofluoric acid treatment 1s carried out to
terminate a surface of the S1 substrate 1a by hydrogen. The
resultant substrate 1a 1s itroduced into an electron beam
evaporations system. While a substrate temperature 1s set at,
for example, 600° C. and La,O, 1s used as an evaporation
source, a metal oxide La,O; 1s evaporated by a thickness of
five nanometers, thereby forming a La,O, layer (see FIGS.
4B and 5B). At this time, S1 on an La,O; layer 3a-side inter-
face of the S1layer 5a 1s oxidized, and an S10, layer 36 having
a thickness of 0.5 nanometer 1s formed between the S1 layer
5a and the La,O; layer 3a. Further, an oxygen partial pressure
is precisely controlled to 5x10~7 Torr, thereby improving an
orientation degree of the metal oxide La,O; and improving a
crystallinity thereof. In addition, an X-ray diffraction evalu-
ation indicates that the La,O, layer 3a 1s an epitaxial layer
oriented 1n a direction of (001) surface orientation, and that a
lattice distance of La,O, 1n a direction parallel to an interface
between the S10, layer 35 and the La,O, layer 34, 1.¢., in the
direction of (001) surface orientation 1s 5.70 angstroms. The
lattice distance of 5.70 angstroms 1s larger by 5.0% than the
lattice distance of Si 1n the direction of (001) surface orien-
tation. The X-ray diffraction evaluation also indicates that a
half-value width of the X-ray diffraction is narrow, and that
the La,O, layer 1s a film strongly oriented 1n the direction of
(001) surface orientation and having a high crystallinity.

S1 1s deposited by the CVD method, thereby forming an Si
layer 5 having a thickness of, for example, one micrometer
(see FIGS. 4C and 5C). At this time, S1 on an La,O; layer
3a-side 1nterface of the S1 layer 5 1s oxidized, and an S10,
layer 3¢ having a thickness of 0.5 nanometer 1s formed
between the Si1 layer 3§ and the La,O, layer 3a. Namely, the
insulating film 3 has a three-layer structure composed by the
S10, layer 35 having a thickness of 0.5 nanometer, the La, O,
layer 3a having a thickness of five nanometers, and the S10,,
layer 3¢ having a thickness of 0.5 nanometer 1s formed (see
FIGS. 4C and 5C).

A surface of the S1layer 5 1s bonded to the substrate 15 (see
FIGS. 4D and 5D). Thereatter, the substrate 15 1s peeled off
with the intermediate layer 2 set as a boundary, thereby expos-
ing the Si1 layer 5a onto the insulating film 3 including the
metal oxide. The exposed surface of the Si1 layer 5a 1s pla-
narized by, for example, the CMP method (see FIGS. 4E and
5E). An impurity profile can be then formed 1n the S1layer 5a,
to serve as the channel region, by implanting boron 1ons.
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As shownn FIGS. 6 A and 7A, a depleted hydrofluoric acid
treatment 1s carried out to terminate a surface of the Si layer
5a by hydrogen. The resultant substrate 1qa 1s introduced into
the MBE system. While the substrate temperature 1s set at, for
example, 600° C. and La,O, 1s used as an evaporation source,
a metal oxide La,O; 1s evaporated by a thickness of five
nanometers, thereby forming an insulating film 6. At this
time, the oxygen partial pressure i1s precisely controlled to
5x10~7 Torr, thereby improving the orientation degree of the
La,O, and improving the crystallinity thereof. In addition,
although not shown 1n the figures, an oxide film consisting of
510, 1s formed on the 1nterface between the Si1 layer Sa and
the insulating film 6.

As shown 1n FIGS. 6B and 7B, the insulating film 6 and the
S1 layer Sa are patterned by an anisotropic etching method
such as the RIE method, thereby forming a channel region 55
and an msulating film 6a. At the same time, the S10.sub.2
layer 35 formed between the La.sub.20.sub.3 layer 3a and the
S1 layer Sa 1s patterned (see FIGS. 6B and 7B).

As shown 1n FIGS. 6C and 7C, a gate insulating film 7
having a thickness of three nanometers and consisting o1 S10,
1s formed around the channel region 5b. At this time, a height
(gate width) of a Fin channel region 1s set at 20 nanometers, a
Fin width (channel region width) 1s set at 20 nanometers, and
a Fin length 1s set at 200 nanometers, for example. Next, a
polysilicon film 9 serving as a gate electrode 1s deposited on
entire surfaces of the La,O; film 3a and the gate insulating
film 7 by the CVD method (see FIGS. 6D and 7D).

The polysilicon film 9 1s patterned by the anisotropic etch-
ing method such as the RIE method, thereby forming a gate
clectrode 9a (see FIGS. 6E and 7E). Using the gate electrode
9a as a mask, 1on 1implantation and a heat treatment are carried
out, thereby forming the source and drain regions 10 and 105
doped with impurities (see FIGS. 8A and 9A). An interlayer
insulating film 11 consisting of S10,, 1s deposited on entire
surfaces of the La,O; film 3a and the gate electrode 9a by the
CVD Method (see FIGS. 8B and 9B).

As shown 1n FIGS. 8C and 9C, contact holes are formed on
the source and drain regions 10aq and 105, metal such as Al 1s
evaporated to form a metal film on the entire surfaces, thereby
forming source and drain electrodes 12q and 125 and a gate
clectrode 12¢. The n-MISFET 1s thus completed.

Characteristics of the channel region 5q of the n-MISFET
according to this embodiment will next be described 1n detail.
FIG. 22 1s an enlarged view of the insulating film having the
layered structure of the S10, layer 35/La,O; layer 3a/510,
layer 3¢ and the channel region 556, and 1s a typical view which
depicts a cross-sectional structure. FI1G. 23 depicts changes of
the lattice distance obtained from an electron beam diffrac-
tion 1mage measured using the TEM. The lattice distance
measured herein 1s the lattice distance 1n a direction of (100)
surface orientation parallel to the interface. As shown in FIG.
22, measurement points are a point P1 of the La,O; layer 64,
a point P2 of S1 1n the channel region 36 on the interface
between the La,O, layer 6a and the S1 layer 55, a point P3 of
S11n the channel region 55 distant from the iterface between
the La,O; layer 6a and the Si1 layer 56 by ten nanometers, a
position P4 of Si in the channel region 55 on the interface
between the La,O, layer 6a and the Silayer, a point P5 of the
La,O, layer 3a, and a point P6 of S1 distant from the interface
between the La,O, layer 3a and the S1 layer S by 250 nanom-
cters. In FIG. 22, the S10, layer 65 having a thickness o1 0.5
nanometer 1s formed between the La,O, layer 6a and the Si
layer 5b. This S10, layer 65 1s an oxide film formed during the
formation of the La,O; layer 6a.

In FIG. 23, changes of the lattice distance are shown with
reference to the lattice distance of substrate-side S1 distant
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from the interface by 250 nanometers at the position P6. A
lattice distance change of each of the La,O, layers 3a and 6a
15 +5.0%, which coincides with a result obtained from the
X-ray diffraction. S1 in the channel region Sa near the inter-
face with the La,O, layer 6a at the position P2, and S1 1n the
channel region 5a near the interface with the La,O; layer 3a
at the position P4 are strained each by +1.0% to follow the
lattice distance change of this Pr,O, layer 3a. S1 1n an inter-
mediate portion of the channel region 5a distant from the
interfaces each by ten nanometers at the position P3 under-
goes lattice distance change, which 1s as large as +0.8%. This
result shows that by arranging the insulating films larger in
lattice change than S1 and each consisting of the metal oxide
having the high crystallinity in the substrate and above the
channel region, the lattice distance of the S1 in the channel
region can be made wide.

Characteristics of a new Fin n-MOSFET 1n which crystal-
line metal oxide (La,O,) films different 1n lattice distance
from S1 are arranged above and below the channel region,
respectively according to this embodiment, and a new Fin
n-MOSFET 1in which only a underlying insulating film con-
sists of the metal oxide (La,O;) will be compared. FI1G. 24
depicts the relationship between an effective electric field and
an effective mobility of electrons. In FIG. 24, a broken line
indicates a universal curve, a solid line (a thin line) indicates
a characteristic curve of the new Fin n-MOSFFET in which
only the underlying insulating film consists of the metal
oxide, and a solid line (a thick line) indicates a characteristic
curve of the new Fin n-MOSFFET having the metal oxide films
arranged above and below the channel region, respectively.

As 1s obvious from FIG. 24, the new Fin n-MOSFET 1n
which the metal oxide films are arranged above and below the
channel region, respectively 1s higher 1n mobility than the
new Fin n-MOSFET having only the underlying insulating
f1lm consisting of the metal oxide. This 1s because by arrang-
ing the metal oxides larger 1n lattice distance than Si1 above
and below the channel region, respectively, a uniform tensile
strain can be applied to S1 layer 1n the entire channel region,
thereby improving the electron mobility.

As stated above, according to this embodiment, the uni-
form tensile strain can be applied to S1 1n the entire channel
region of the Fin transistor, and the higher electron mobility
than that of the new Fin n-MOSFET having only the under-
lying insulating film consisting of the metal oxide can be
attained.

More preferably, a rare-earth oxide containing at least one
clement selected from rare-earth elements (Sc, Y, La, Ce, Pr,
Nd, Pm, Sm, FEu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) 1s used
as the crystalline metal oxide. This 1s because the crystallinity
of the rare-earth oxide can be easily improved by controlling
film formation conditions, and the rare-earth oxide enables
elfectively changing the lattice distance of S1. If the rare-earth
oxide containing at least one selected from Ce, Dy, Y, La, Pr
and Gd 1s used, 1n particular, a film having a high crystallinity
scan be realized and a particularly excellent effect can be
obtained.

The fifth embodiment has been described while referring to
the instance of using LLa,O; as the crystalline metal oxide. The
crystalline metal oxide may be a crystalline oxide having a
perovskite structure such as Sr1i10;, SrZrO,, Sr('117r)O; or
SrCeQ,. Further, even 1f an oxide having a rock-salt structure
such as MgQO, CaO, SrO or BaO, Al,O,, or MgAl,O, having
a spinel structure exhibits an equivalent effect. The crystalline
metal oxide having crystal orientation has been used in the
fifth embodiment. IT a monocrystalline metal oxide film hav-
ing uniform orientation 1s used, a larger lattice distance
change occurs. As the film formation method for the crystal-

10

15

20

25

30

35

40

45

50

55

60

65

22

line metal oxide, the sputtering method has been used. Alter-
natively, the other film formation method such as the CVD
method, the electron beam evaporation method, or the MBE
method may be used.

In the fifth embodiment, the n-MISFET has been
described. However, the fifth embodiment can be carried out
using a p-MISFET by the similar method. The selection of
one of the crystalline metal oxides stated above depends on
whether the tensile stress or the compressive stress 1s to be
applied to Si. If the n-MISFET 1s manufactured, the electron
mobility 1s improved in S1 applied with the tensile stress.
Theretfore, one of the metal oxides larger 1n lattice distance
than S1 may be selected. It the p-MISFET 1s manufactured,
the hole mobility of the p-MISFET can be improved whether
the tensile stress or the compressive stress. Therefore, one of
the metal oxides different in lattice distance from S1 may be
selected. In addition, depending on the stress to be applied to
S1, the lattice distance of the metal oxide may be selected. It
a desired lattice distance and a desired stress cannot be
achieved by the metal oxide consisting only of one metal
clement, a metal oxide consisting of two or more metal ele-
ments may be used. For example, by using (Eu Dy, _,),0,
containing two metal elements of Eu and Dy, the lattice dis-
tance change of the metal oxide relative to S1 can be arbitrarily

varied 1n a range between zero to —1.8%.

Sixth Embodiment

An n-MISFET according to a sixth embodiment of the
present invention will be described. In the n-MISFET accord-
ing to this embodiment, a metal oxide having an oxygen
blending ratio lower than a stoichiometric ratio, e.g., a Ce
oxide 1s used as each of a underlying msulating film and an
insulating film above a channel region so as to apply a tensile
stress to S1 1n the channel region. Namely, the n-MISFET
according to this embodiment 1s constituted so that the metal
oxide f1lm that constitutes each of insulating films 3 and 6a 1s
the Ce oxide 1n place of La,O;, as compared with the n-MIS-
FET according to the fifth embodiment. In this embodiment,
differently from the fifth embodiment, no S10, layers are
formed between the La,O, layer 3a and the Sl layer 5,
between the La,O, layer 3a and the S1 layer 5a, and between
the La,O; layer 6 and the S1 layer 3a, respectively, as will be
described later.

A method for manufacturing the n-MISFET according to
this embodiment 1s substantially equal to the method accord-
ing to the fifth embodiment. A substrate consisting of Si
having (111) surface orientation 1s used. The Ce oxide 1s
tformed by the MBE method. After an S1 surface of the sub-
strate 1s subjected to a depleted hydrotluoric acid treatment to
terminate the surface by hydrogen, the S1 substrate 1s ntro-
duced into an MBE system. While a substrate temperature 1S
set at, for example, 700° C. and metal Ce 1s used as an
evaporation source, Ce 1s evaporated to form a 0.6 monolayer.
Thereatter, an ozone O; gas or an oxygen gas 1s supplied,
thereby forming an imnsulating film consisting of the Ce oxide
and having a thickness of {ive nanometers. An oxygen partial
pressure during film formation is controlled to 1x10~® Torr.
By using this film formation method, the monocrystalline. Ce
oxide film directly bonded to S1 and oriented 1n a direction of
(111) surface orientation can be epitaxially grown without
forming an amorphous layer such as an S10, layer on an
interface. Thereafter, by executing the same steps as those 1n
the fitth embodiment, the n-MISFET 1s completed.

A blending ratio of metal to oxygen of the Ce oxide (CeOx)
thus formed 1s 1.77 and a lattice distance thereof 1s wider by

+0.8% than that of S1. As described in the third embodiment,
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the reason that the oxygen blending ratio of the Ce oxide 1s
lowered 1s that the oxygen partial pressure 1s set as low as
1x10~° Torr during film formation by the MBE method. A
strain of S1 1n the channel region near the Ce oxide film
serving as the underlying insulating film consisting of the Ce
oxide having the blending ratio x o1 1.77 15 +0.75%, that o1 S1
in a central portion of the channel region 1s +0.60%, and that
of S1 near the msulating film above the channel region is
+0.50%. By contrast, in the channel region near the Ce oxide
films arranged above and below the channel region, respec-
tively, a strain of S11n the central portion of the channel region
near the Ce oxide film serving as the first insulating film
arranged above the channel region 1s +0.75%, that 1s S1 1n the
central portion of the channel region 1s +0.70%, and that of S1
near the Ce oxide film serving as the second insulating film
arranged below the channel region 1s +0.75%. This 1indicates
that by arranging the metal oxide films above and below the
channel region, respectively, a uniform strain 1s applied to Si.

Characteristics of a new Fin n-MOSFET 1n which the
crystalline Ce oxide different 1n lattice distance from S1 1s
arranged each ol above and below the channel region accord-
ing to this embodiment, and those of the new Fin n-MOSFET
in which the metal oxide La,O, 1s arranged each ot above and
below the channel region according to the fifth embodiment
will be compared. FI1G. 25 depicts the relationship between an
elfective electric field and an effective mobaility of electrons.
In FIG. 25, a broken line indicates a universal curve, a solid
line (a thick line) denotes a characteristic curve of the new Fin
n-MOSFET 1n which La,O; 1s arranged each of above and
below the channel region, and a solid line (a thick line)
denotes a characteristic curve of the new Fin n-MOSFET
according to the present mmvention in which the Ce oxide
(blending ratio x of 1.77) 1s used as the insulating film
arranged each of above and below the channel region. It 1s
noted that a strain of S1 1n the channel region 3a of the former
new Fin n-MOSFET and that of the latter new Fin n-MOS-
FET are set equal. As 1s obvious from FIG. 25, if the Ce oxade
f1lm 1s used as the insulating film arranged each of above and
below the channel region, the mobility 1s improved, as com-
pared with the new Fin n-MOSFET in which La,O, 1s
arranged each of above and below the channel region. This 1s
because by directly bonding the Ce oxides to S11n the channel
region, an irregularity 1n strain applied to S1 1n the channel
region 1s reduced.

As described above in detail, according to the embodiment,
the tensile stress smaller in irregularity can be uniformly
applied to the channel region, and the electron mobility can be
improved as compared with the n-MOSFET in which the
metal oxide film 1s not directly bonded to Si.

More preferably, a rare-earth oxide containing at least one
clement selected from rare-earth elements (Sc, Y, La, Ce, Pr,
Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) forming
strong 1onic bonds 1s used as the crystalline metal oxide. I the
oxide containing at least one of Ce, Dy, Y, La, Pr, and Gd 1s
used, 1n particular, the oxygen blending ratio can be precisely
controlled and the particularly excellent effect can be
obtained.

The sixth embodiment has been described while referring
to the 1mstance of using CeO, as the crystalline metal oxide.
However, the equivalent advantage can be obtained even 1f
any other crystalline metal oxide forming strong ionic bonds
1s used. Namely, the crystalline oxide having a perovskite
structure such as Sr110,, SrZrO,, Sr(1T1Zr)O, or SrCeO, may
be used. Further, an oxide having a rock-salt structure such as
MgQO, CaO, SrO or BaO, Al,O;, or MgAl,O, having a spinel
structure may be used. The monocrystalline Ce oxide has
been used 1n this embodiment. However, 11 a polycrystalline
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oxide film having uniform orientation 1s used, the equivalent
advantage can be obtained. As the film formation method for
the crystalline metal oxide, the MBE method 1s used 1n this
embodiment. Alternatively, the other film formation method
such as the CVD method, the sputtering method, or the elec-
tron beam evaporation method may be used.

The MISFET 1s formed on the S1 substrate having (001)

surface orientation according to the fifth embodiment. The
MISFET 1s formed on the Si substrate having (111) surface
orientation according to the sixth embodiment. The surface
orientation of the S1 substrate may be either (001) or (111). In
addition, the surface orientation of the S1 substrate on which
the MISFET 1s formed may be (110), or may be shifted from

these surtace orientations.

Seventh Embodiment

The configuration of a MISFET according to a seventh
embodiment of the present invention will be described with
reference to FIGS. 1 to 9C. The MISFET according to this
embodiment 1s constituted so that the gate insulating film 7
includes at least a crystalline metal oxide film, and so that a
metal oxide film included in the insulating film 3 arranged just
below the channel region 5a and that included 1n the gate
insulating film 7 differ i lattice distance from Si1 1n the
channel region 5a. Namely, the MISFET according to this
embodiment 1s constituted so that 11 the lattice distance of the
insulating film 3 1s larger than that of S1, the lattice distance of
the metal oxide film mncluded 1n the gate msulating film 7 1s
smaller than that of S1, and so that 1f the lattice distance of the
insulating film 3 1s smaller than that of S1, the lattice distance
of the metal oxide film 1ncluded 1n the gate insulating film 7
1s larger than that of S1.

Accordingly, S1 1n the channel region 36 1s applied with
stresses from both the insulating film 3 and the gate insulating
films 7, and a strained S1 layer having a uniform strain 1s
provided. That 1s, 11 the MISFET according to this embodi-
ment 1s an n-MISFET, then the lattice distance of the metal
oxide {ilm included 1n the msulating film 3 1s set larger than
that of S1, and the lattice distance of the metal oxide film
included 1n the gate mnsulating film 7 1s set smaller than that of
S1, thereby widening the lattice distance of Si1 1n the channel
region Sa by tensile stresses. It 1s thereby possible to improve
an electron mobility 1n the channel region.

If the MISFET according to this embodiment 1s a p-MIS-
FET, by contrast, the lattice distance of the metal oxide film
included 1n the insulating film 3 1s set larger than that of Si,
and the lattice distance of the metal oxide film included in the
gate insulating film 7 1s set smaller than that of Si1, thereby
changing the lattice distance of S1 in the channel region 55
according to the tensile stresses. Alternatively, the lattice
distance of the metal oxide film included in the insulating film
3 1s set smaller than that of Si1, and the lattice distance of the
metal oxide film included 1n the gate msulating film 7 1s set
larger than that of S1, thereby changing the lattice distance of
S11n the channel region 56 according to compressive stresses.
It 1s thereby possible to improve a hole mobility 1n the channel
region. Besides, since the metal oxide films different in lattice
distance from S1 are arranged on a side surface of the channel
region and below the channel region, respectively, a strain of
S1 1n the channel region can be further increased, and the
carrier mobility 1s expected to be further improved, as com-
pared with the first to the fourth embodiments.

A method for manufacturing the MISFET according to this
embodiment will be described, taking the n-MISFET as an
example with reference to FIGS. 4A to 9C.
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First, hydrogen 1ons, for example, are implanted 1nto a S1
substrate 1a having (001) surface orientation at an energy of
a dosage of 5x10'®/cm” and a peak range of, for example, a
S0-nanometer depth from a surface, thereby forming a high
hydrogen concentration region. To recover the Si substrate 1a
from a damage caused by the 1on implantation, the S1 sub-
strate 1a 1s subjected to a heat treatment 1n a hydrogen atmo-
sphere at 800° C. for 30 minutes, for example. By subjecting
the Si substrate 1a to the heat treatment, the substrate 1a 1s
recovered from the damage, an intermediate layer 2 having a
lower mechanical strength than that of surroundings of the
intermediate layer 2 1s formed 1n the high hydrogen concen-
tration region. At the same time, an S1 layer Sa to serve as the
channel region 1s formed (see FIGS. 4A and 5A). Micro-
sCopic vacancies are continuously formed 1n the intermediate
layer 2, so that the intermediate layer has the lower mechani-
cal strength. This can facilitate peeling off the intermediate
layer 2 1n a later step.

A depleted hydrofluoric acid treatment 1s carried out to
terminate an S1 surface of the S1 substrate 1a by hydrogen.
The resultant substrate 1a 1s introduced into the electron
beam evaporations system. While a substrate temperature 1s
set at, for example, 600° C. and La,O, 1s used as an evapora-
tion source, a metal oxide La,O; 1s evaporated by a thickness
of five nanometers, thereby forming a La,O; layer 3a (see
FIGS. 4B and 5B). At this time, S1 on an La,O; layer 3a-side
interface of the S1layer Sa 1s oxidized, and an S10, layer 356
having a thickness of 0.5 nanometer 1s formed between the S1
layer 5a and the La,O, layer 3a. Further, an oxygen partial
pressure is precisely controlled to 5x10~" Torr, thereby
improving an orientation degree of the metal oxide La,O; and
improving a crystallimity thereof. In addition, an X-ray dii-
fraction evaluation indicates that the La,O, layer 3a 1s an
epitaxial layer oriented in a direction of (001) surface orien-
tation, and that a lattice distance of La,O, in a direction
parallel to an interface between the S10, layer 36 and the
La,O, layer 3a, 1.¢., 1n the direction of (001) surface orienta-
tion 1s 5.70 angstroms. The lattice distance of 5.70 angstroms
1s larger by 5.0% than the lattice distance of S1 1n the direction
of (001) surface orientation. The X-ray diffraction evaluation
also indicates that a half-value width of the X-ray diffraction
1s narrow, and that the La,O, layer 1s a film strongly oriented
in the direction of (001 ) surface orientation and having a high
crystallinity.

S11s deposited by the CVD method, thereby forming an Si
layer 5 having a thickness of, for example, one micrometer
(see FIGS. 4C and 5C). At this time, S1 on an La,O, layer
3a-side 1nterface of the S1 layer 5 1s oxidized, and an S10,
layer 3¢ having a thickness of 0.5 nanometer 1s formed
between the S1 layer 5 and the La,O, layer 3a. Namely, with
this manufacturing method, the insulating film having a three-
layer structure composed by the S10, layer 35 having a thick-
ness ol 0.5 nanometer, the La,O; layer 3a having a thickness
of five nanometers, and the S10, layer 3¢ having a thickness
of 0.5 nanometer 1s formed (see FIGS. 4C and 5C).

A surface of the S1layer 5 1s bonded to the substrate 15 (see
FIGS. 4D and 5SD). Thereatter, the substrate 15 1s peeled off
with the intermediate layer 2 set as a boundary, thereby expos-
ing the Si1 layer 5a onto the insulating film 3 including the
La,O, layer 3a. The exposed surface of the S1 layer 5a 1s
planarized by, for example, the CMP method (see FIGS. 4E
and 5E).

As shown 1 FIGS. 6 A and 7A, S10.sub.2 having a thick-
ness of 50 nanometers 1s coated on an entire surface of the
S10.sub.2, thereby forming an insulating film 6. An impurity
profile can be then formed in the S1 layer 3a, to serve as the
channel region, by implanting boron 1ons through the 1nsu-
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lating film 6. As shown 1n FIGS. 6B and 7B, the insulating
film 6 and the S1 layer Sa are patterned by an anisotropic
ctching method such as the RIE method, thereby forming a
channel region 56 and an 1nsulating film 6a. At the same time,
the S10.sub.2 layer 35 formed between the La.sub.20.sub.3

layer 3a and the S1 layer 5a 1s patterned.

Next, the resultant substrate 15 1s introduced 1nto the elec-
tron beam evaporations system. While the substrate tempera-
ture 1s set at, for example, 600° C. and Dy,O, 1s used as an
evaporation source, a metal oxide Dy,O; 1s evaporated by a
thickness of five nanometers, thereby forming a gate msulat-
ing film 7 around the channel region 556 (see FIGS. 6C and
7C). At this time, an S10, layer (not shown) having a thick-
ness of 0.5 nanometer 1s formed between the gate msulating
film 7 and the Si1 layer Sa. In this embodiment, a height (gate
width) of a Fin channel region 1s set at 20 nanometers, a Fin
width (channel region width) 1s set at 20 nanometers, and a
Fin length 1s set at 200 nanometers, for example. Further, the
oxygen partial pressure is precisely controlled to 1x10~7 Torr,
thereby improving an orientation degree of Dy,O; and a
crystallinity thereof. Next, a polysilicon film 9 serving as a
gate electrode 1s deposited on entire surfaces of the La,O,
f1lm 3a and the gate mnsulating film 7 by the CVD method (see
FIGS. 6D and 7D).

The polysilicon film 9 1s patterned by the anisotropic etch-
ing method such as the RIE method, thereby forming a gate
clectrode 9a (see FIGS. 6E and 7E). Using the gate electrode
9a as a mask, 1on implantation and a heat treatment are carried
out, thereby forming the source and drain regions 10a and 105
doped with impurities (see FIGS. 8A and 9A). An interlayer
isulating film 11 consisting of S10, 1s deposited on entire
surfaces of the La,O; film 3a and the gate electrode 9a by the
CVD Method (see FIGS. 8B and 9B).

As shown 1n FIGS. 8C and 9C, contact holes are formed on
the source and drain regions 10a and 105, metal such as Al 1s
evaporated to form a metal film on the entire surfaces, thereby
forming source and drain electrodes 12a and 125 and a gate
clectrode 12¢. The n-MISFET 1s thus completed.

Characteristics of the channel region 36 of the n-MISFET
according to this embodiment will next be described with
reference to FIGS. 26 to 28. FIG. 26 1s an enlarged view of the
insulating film 3 having the layered structure of the S10, layer
3b/La,0; layer 3a/510, layer 3¢ and the channel region 55,
and 1s a typical view which depicts a cross-sectional structure.
FIG. 27 depicts changes of the lattice distance obtained from
an electron beam diffraction image measured using the TEM.
The lattice distance measured herein 1s the lattice distance 1n
a direction of (100) surface orientation parallel to the inter-
face. As shown in FIG. 26, measurement points are a point P1
of S1 1n the channel region 35 on the mterface between the
insulating {ilm 6a consisting of S10, and the S1 layer 5b, a
point P2 of S11n the channel region distant from the interface
between the msulating film 6a and the S1 layer 56 by ten
nanometers, a point P3 of S1 in the channel region 556 on the
interface between the La,O; layer 3a and the S1 layer 55, a
position P4 of the La,O, layer 3a, and a point PS of S1 distant
from the interface between the La,O; layer 3a and the S1layer
5 by 250 nanometers. In FIG. 26, the S10, layer 7a having a
thickness of 0.5 nanometer 1s formed between the Dy,O,
layer 7 and the S1layer 54. This S10, layer 7a 1s an oxide film
formed during the formation of the Dy,O, layer 7.

In FI1G. 27, changes of the lattice distance are shown with
reference to the lattice distance of S1 distant from the interface
by 250 nanometers at the position P5. A lattice distance
change of the La,O; layers 3a at the position P4 1s +5.0%,
which coincides with a result obtained from the X-ray dif-
fraction. S1 1n the channel region 56 on the interface between
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the La,O; layer 3a and the S1 layer 56 at the position P3 1s
strained by +1.0% to follow the lattice distance change of the
La,O, layer 3a. S1 in the channel region distant from the
interface between the insulating film 6a and the S1layer 56 by
ten nanometers at the position P2 1s strained by +0.95%. S11n
the channel region on the interface between the insulating
film 6a and the S1 layer 36 at the position P1 1s strained by
0.95%. This result shows that by using the msulating films
larger 1n lattice distance than S1 and each including the metal
oxide having the high crystallinity as the insulating film 3 1n
the substrate and the gate insulating film 7 arranged on the
side surface of the channel region, respectively, the lattice
distance of the S1 in the entire channel region can be made
wide.

Characteristics of a new Fin n-MOSFET 1 which crystal-
line metal oxide (La,0,) films different in lattice distance
from S1 are arranged on the side surface of the channel region
and below the channel region, respectively according to this
embodiment, and a new Fin n-MOSFET 1n which only a
underlying insulating film consists of the metal oxide will be
described with reference to FIG. 28. FIG. 28 depicts the
relationship between an effective electric field and an effec-
tive mobility of electrons. In FIG. 28, a broken line indicates
a universal curve, a solid line (a thin line) indicates a charac-
teristic curve of the new Fin n-MOSFET 1n which only the
underlying insulating film consists of the metal oxide, and a
solid line (a thick line) indicates a characteristic curve of the
new Fin n-MOSFET having the metal oxide films arranged on
the side surface of the channel region and below the channel
region, respectively. By arranging the metal oxides on the side
surface of the channel region and below the channel region,
respectively, the mobility 1s improved, as compared with the
Fin n-MOSFET 1n which only the underlying insulating film

consists of the metal oxide. This 1s because by arranging the
metal oxides different 1n lattice distance from S1 and different
in strain direction from each other on the side surface of the
channel region and below the channel region, respectively, a
uniform tensile strain can be applied to S1 1n the channel
region, thereby improving the electron mobility.

As stated above 1n detail, according to this embodiment,
the uniform tensile strain can be applied to S1 in the entire
channel region of the Fin transistor, and the higher electron
mobility than that of the new Fin n-MOSFET having only the
underlying insulating film consisting of the metal oxide can
be attained.

More preferably, a rare-earth oxide containing at least one
clement selected from rare-earth elements (Sc, Y, La, Ce, Pr,
Nd, Pm, Sm, FEu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) 1s used
as the crystalline metal oxide. This 1s because the crystallinity
of the rare-earth oxide can be easily improved by controlling
film formation conditions, and the rare-earth oxide enables
elfectively changing the lattice distance of S1. If the rare-earth
oxide containing at least one selected from Ce, Dy, Y, La, Pr
and Gd 1s used, 1n particular, a film having a high crystallinity
scan be realized and a particularly excellent effect can be
obtained.

The seventh embodiment has been described while refer-
ring to the mstance of using La,O; and Dy,O; as the crystal-
line metal oxides. The crystalline metal oxide may be a crys-
talline oxide having a perovskite structure such as Sr1i10;,
Sr/rO,, Sr(11Zr)O, or SrCeO,. Further, even 1f an oxide
having a rock-salt structure such as MgQO, CaO, SrO or BaO,
Al,O,, or MgAl,O, having a spinel structure exhibits an
equivalent effect The crystalline metal oxide having crystal
orientation has been used in the seventh embodiment. If a
monocrystalline metal oxide film having uniform orientation

1s used, a larger lattice distance change occurs. As the film
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formation method for the crystalline metal oxide, the electron
beam evaporation method has been used. Alternatively, the

other film formation method such as the CVD method, the
sputtering method, or the MBE method may be used.

In the seventh embodiment, the instance of using the Si1
substrate having (001 ) surface orientation has been described.
However, the surface orientation of the S1 substrate may be
any one of (111), (111), and (110). Further, the surface ori-

entation may be shifted from these surface orientations.

In the seventh embodiment, the n-MISFET has been
described. However, the seventh embodiment can be carried
out using a p-MISFET by the similar method. The selection of
one of the crystalline metal oxides stated above depends on
whether the tensile stress or the compressive stress 1s to be
applied to S1. If the n-MISFET 1s manufactured, the electron
mobility 1s improved in S1 applied with the tensile stress.
Therefore, the metal oxide larger in lattice distance than Si
may be selected as that included in the insulating film 3 and
the metal oxide smaller 1n lattice distance than S1 may be
selected as that included in the insulating film 7. If the p-MIS-
FET 1s manufactured, the hole mobility of the p-MISFET can
be improved whether the tensile stress or the compressive
stress. Therefore, the metal oxide larger 1n lattice distance
than S1 may be selected as that included in the msulating film
3 and the metal oxide smaller 1n lattice distance than S1 may
be selected as that included 1n the isulating film 7. Alterna-
tively, the metal oxide smaller 1n lattice distance than S1 may
be selected as that included 1n the 1nsulating film 3 and the
metal oxide larger 1n lattice distance than S1 may be selected
as that included 1n the mnsulating film 7. In addition, depend-
ing on the stress to be applied to S, the lattice distance of each
metal oxide may be selected. IT a desired lattice distance and
a desired stress cannot be achieved by the metal oxide con-
s1sting only of one metal element, a metal oxide consisting of
two or more metal elements may be used. For example, by
using (Eu, Dy, _,,,0; containing two metal elements of Eu and
Dy, the lattice distance change of each metal oxide relative to
S1 can be arbitrarily varied 1n a range between zero to —1.8%.

Eighth Embodiment

The configuration of a MISFET according to an eighth
embodiment of the present invention will be described with
reference to FIGS. 1 to 9C. The MISFET according to this
embodiment 1s constituted so that the insulating film 6qa
formed right above the channel region 55 includes at least a
crystalline metal oxide film, and so that the gate insulating
film 7 formed on the side surface of the channel region 55
includes a metal oxide film consisting of a crystalline metal
oxide, as compared with the MISFET according to the first
embodiment shown 1n FIGS. 1 to 3. A lattice distance of the
metal oxide film included 1n the gate insulating film 7 differ
from those of the metal oxide films 1included in the msulating
films 3 and 6a 1n magnitude relative to the lattice distance of
S1, respectively. It the lattice distances of the metal oxide
f1lms 1included 1n the msulating films 3 and 6a are larger than
that of S1, the lattice distance of the metal oxide film included
in the gate insulating film 7 1s smaller than that of S1. If the
lattice distances of the metal oxide films included in the
insulating films 3 and 64 are smaller than that of S1, the lattice

distance of the metal oxide film 1ncluded 1n the gate insulating
film 7 1s larger than that of Si.

Accordingly, S1 1n the channel region 36 1s applied with
stresses Irom all of the mmsulating films 3 and 6a and the gate
insulating films 7, and a strain S1 layer having a uniform strain
1s provided.
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That 1s, according to this embodiment, the lattice distance
of S11n the channel region 55 1s set different from that of S11n
the semiconductor substrate 15. If the MISFET according to
this embodiment 1s an n-MISFET, then the lattice distances of
the metal oxide films included 1n the respective nsulating
f1lms 3 and 64 1n a channel direction are set larger than that of
S1, and the lattice distance of the metal oxide film included 1n
the gate insulating film 7 1in the channel direction 1s set smaller
than that of Si. It 1s thereby possible to widen the lattice
distance of S11n the channel region 55 by a tensile stress, and
improve an electron mobility in the channel region 54.

If the MISFET according to this embodiment 1s a p-MIS-
FET, by contrast, the lattice distances of the metal oxide films
are set larger or smaller than that of S1, thereby changing the
lattice distance of S11n the channel region 35 according to the
tensile stress or the compressive stress. It 1s thereby possible
to 1improve a hole mobility in the channel region. Besides,
since the metal oxide films different 1n lattice distance from Si1
are arranged above and below the channel region, respec-
tively, a change of the lattice distance uniform 1n a depth
direction can be generation in the entire channel region.
Theretfore, the carrier mobility 1s expected to be further
improved, as compared with the first to the seventh embodi-
ments.

A method for manufacturing the MISFET according to this
embodiment will be described, taking the n-MISFET as an
example with reference to FIGS. 4A to 9C.

First, hydrogen 1ons, for example, are implanted 1nto a Si
substrate 1a having (001) surface orientation at an energy of
a dosage of 5x10'°/cm?® and a peak range of, for example, a
S0-nanometer depth from a surface, thereby forming a high
hydrogen concentration region. To recover the Si substrate 1a
from a damage caused by the 1on implantation, the S1 sub-
strate 1a 1s subjected to a heat treatment 1n a hydrogen atmo-
sphere at 800° C. for 30 minutes, for example. By subjecting
the Si substrate 1a to the heat treatment, the substrate 1a 1s
recovered from the damage, an intermediate layer 2 having a
lower mechanical strength than that of surroundings of the
intermediate layer 2 1s formed 1n the high hydrogen concen-
tration region. At the same time, an S1 layer Sa to serve as the
channel region 1s formed (see FIGS. 4A and 5A). Micro-
sCopic vacancies are continuously formed 1n the intermediate
layer 2, so that the intermediate layer has the lower mechani-
cal strength.

A depleted hydrofluoric acid treatment 1s carried out to
terminate an S1 surface of the S1 substrate 1a by hydrogen.
The resultant substrate 1a 1s introduced into the electron
beam evaporations system.

While a substrate temperature 1s set at, for example, 600°
C. and LazO 1s used as an evaporation source, a metal oxide
La,O, 1s evaporated by a thickness of five nanometers,
thereby forming a La,O, layer 3a (see FIGS. 4B and 3B). At
this time, S1onan La,O, layer 3a-side interface of the S1 layer
Sa 1s oxidized, and an S10,, layer 35 having a thickness 01 0.5
nanometer 1s formed between the S1 layer Sa and the La,Oj;
layer 3a.

Further, an oxygen partial pressure 1s precisely controlled
to 5x107’ Torr, thereby improving an orientation degree of the
metal oxide La,O, and improving a crystallinity thereof. In
addition, an X-ray diffraction evaluation indicates that the
La,O, layer 3a 1s an epitaxial layer oriented 1n a direction of
(001) surface orientation, and that a lattice distance of La, O,
in a direction parallel to an interface between the 510, layer
36 and the La,O, layer 3a, 1.e., 1n the direction of (001)
surface orientation 1s 5.70 angstroms. The lattice distance of
5.70 angstroms 1s larger by 5.0% than the lattice distance o1 S1

in the direction of (001) surface orientation. The X-ray dii-
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fraction evaluation also indicates that a half-value width of
the X-ray diffraction 1s narrow, and that the L.a,O, layer 3a 1s
a 1llm strongly oriented in the direction of (001) surface
orientation and having a high crystallimty. An S1 layer 5
having a thickness of, for example, one micrometer 1s formed
by the CVD method (see FIG. 4C). At this time, S1 on an
La,O, layer 3a-side interface of the Si1layer 5 1s oxidized, and
an S10, layer 3¢ having a thickness of 0.5 nanometer 1s
formed between the Si1 layer 5 and the La,O, layer 3a.
Namely, the insulating film 3 has a three-layer structure com-
posed by the S10, layer 35 having a thickness of 0.5 nanom-
cter, the La,O;, layer 3a having a thickness of five nanometers,

and the S10, layer 3¢ having a thickness 01 0.5 nanometer (see
FIGS. 4C and SC).

A surface of the S1layer 3 1s bonded to the substrate 15 (see
FIGS. 4D and 5D). Thereatter, the substrate 15 1s peeled off
with the intermediate layer 2 set as a boundary, thereby expos-
ing the Si1 layer 5a onto the insulating film 3 including the
metal oxide film. The exposed surtace of the S1 layer 5a 1s
planarized by, for example, the CMP method (see FIGS. 4E
and SE). An impurity profile can be then formed 1n the S1layer
5a, to serve as the channel region, by implanting boron 10ns.

As shownin FIGS. 6 A and 7A, a depleted hydrofluoric acid
treatment 1s carried out to terminate a surface of the Si layer
5a by hydrogen. The resultant substrate 1a 1s introduced nto
the MBE system. While the substrate temperature 1s set at, for
example, 600° C. and La,O, 1s used as an evaporation source,
a metal oxide La,O; 1s evaporated by a thickness of five
nanometers, thereby forming an insulating film 6. At this
time, the oxygen partial pressure i1s precisely controlled to
5x1077 Torr, thereby improving the orientation degree of the
La,O, and improving the crystallinity thereof. In addition,
although not shown 1n the figures, an oxide film consisting of
S10, 1s formed on the interface between the Si1 layer Sa and
the mnsulating film 6.

As shown in FIGS. 6B and 7B, the insulating {ilm 6 and the
S1 layer 5a are patterned by an anisotropic etching method
such as the RIE method, thereby forming a channel region 55
and an msulating film 6a. At the same time, the S10.sub.2
layer 35 formed between the La.sub.20.sub.3 layer 3a and the
S1 layer 3a 1s patterned.

Next, the resultant substrate 1a 1s introduced 1nto the elec-
tron beam evaporations system. While the substrate tempera-
ture 1s set at, for example, 600° C. and Dy,O; 1s used as an
evaporation source, a metal oxide Dy,O, 1s evaporated by a
thickness of five nanometers, thereby forming a gate msulat-
ing film 7 around the channel region 556 (see FIGS. 6C and
7C). At this time, an S10, layer (not shown) having a thick-
ness of 0.5 nanometer 1s formed between the gate msulating
f1lm 7 and the S1layer Sa. In addition, a height (gate width) of
a Fin channel region 1s set at 20 nanometers, a Fin width
(channel region width) 1s set at 20 nanometers, and a Fin
length 1s set at 200 nanometers, for example. At this time, the
oxygen partial pressure is precisely controlled to 1x10~7 Torr,
thereby improving an orientation degree of Dy,O, and the
crystallinity thereof.

Next, a polysilicon film 9 serving as a gate electrode 1s
deposited on entire surfaces of the La,O; film 3q and the gate
isulating film 7 by the CVD method (see FIGS. 6D and 7D).
The polysilicon film 9 1s patterned by the anisotropic etching
method such as the RIE method, thereby forming a gate
clectrode 9a (see FIGS. 6E and 7E). Using the gate electrode
5a as amask, 1on 1mplantation and a heat treatment are carried
out, thereby forming the source and drain regions 10a and 105
doped with impurities (see FIGS. 8A and 9A). An interlayer
insulating film 11 consisting of S10, 1s deposited on entire
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surfaces of the La,O, film 3a and the gate electrode 9a by the
CVD Method (see FIGS. 8B and 9B).

As shown 1n FIGS. 8C and 9C, contact holes are formed on
the source and drain regions 10a and 105, metal such as Al 1s
evaporated to form a metal film on the entire surfaces, thereby
forming source and drain electrodes 12a and 125 and a gate
clectrode 12¢. The n-MISFET 1s thus completed.

Characteristics of the channel region 556 of the n-MISFET
according to this embodiment will next be described with
reference to FIGS. 29 to 32. FIG. 29 1s an enlarged view of the
insulating film 3 having the layered structure of the S10, layer
3b/La,0, layer 3a/510, layer 3¢ and the channel region 5b,
and 1s a typical view which depicts a cross-sectional structure.
FIG. 30 depicts changes of the lattice distance obtained from
an electron beam diffraction image measured using the TEM.
The lattice distance measured herein 1s the lattice distance 1n
a direction of (100) surface orientation parallel to the inter-
face. As shown in FIG. 29, measurement points are a point P1
in the msulating film 6a consisting of La,O,, a point P2 of Si
on the interface between the msulating film 6a consisting of
S10, and the S1layer 5a, a point P3 of S11n the channel region
distant from the interface between the msulating film 6a and
the S1 layer 5a by ten nanometers, a point P3 of S1 1n the
channel region 35 distant from the interface between the
insulating film 6a and the S1 layer 5a, a position P4 of S1 near
the interface between the insulating film 3a consisting of
La,O; and the S1 layer Sa, a point PS5 1n the insulating film 3a,
and a point P6 of Si distant from the interface between the
insulating film 3a and the S1 layer S by 250 nanometers. In
FIG. 29, an S10, layer 65 having a thickness of, for example,
0.5 nanometer 1s formed between the S1 layer 5a¢ and the
insulating film 6a consisting of La,O,, and an S10, layer 7a
having a thickness of, for example, 0.5 nanometer 1s formed
between the Silayer 5a and the gate mnsulating film 7 consist-
ing of Dy,O,. The S10, layer 65 1s an oxide film formed
during the formation of the insulating film 6a consisting of
La,O,, and the S10, layer 7a 1s an oxide film formed during
the formation of the gate insulating film 7 consisting of
Dy,0;.

In FIG. 30, changes of the lattice distance are shown with
reference to the lattice distance of S1 distant {from the interface
by 250 nanometers at the position P6. A lattice distance
change of La,O; that constitutes each of the insulating films
3a and 6a 1s +5.0%, which coincides with a result obtained
from the X-ray diffraction. S1 near the interface between the
insulating film 6a and the S1 layer 5q at the position P2 and Si
near the interface between the insulating film 3a and the Si
layer Sa at the position P4 are strained by +1.1% to follow the
lattice distance change of La,O,. Even S1 distant from the
interface at the position P3 undergoes a lattice distance
change, which 1s as large as +1.1%. This result shows that by
using the msulating films larger 1n lattice distance than S1 and
cach including the metal oxide having the high crystallinity as
the underlying insulating film and the insulating film
arranged above the channel region, respectively, and by
arranging the insulating film including the metal oxide film
having the high crystallinity as the gate insulating film, the
lattice distance of the Si1 in the entire channel region can be
made uniform and wide more effectively.

Characteristics of a new Fin n-MOSFET 1n which crystal-
line metal oxides different 1n lattice distance from S1 are used
for the underlying 1nsulating film, the insulating film above
the channel region, and the gate insulating film, respectively
according to this embodiment, a new Fin n-MOSFET 1n
which crystalline metal oxides different in lattice distance
from S1 are used for the underlying insulating film and the
insulating film above the channel region, respectively, and a
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new Fin n-MOSFET 1n which crystalline metal oxides ditfer-
ent 1n lattice distance from S1 are used for the underlying
insulating film, the gate msulating film, respectively will be
compared. FIG. 31 depicts the relationship between an etiec-
tive electric field and an electron mobility. FIG. 32 depicts the
relationship between a threshold and a structure.

Attention will be first paid to the relationship between the
elfective electric field and the electron mobility shown 1n
FI1G. 31. In FIG. 31, a broken line indicates a universal curve,
a solid line (a thin line) indicates a characteristic curve of a
new Fin n-MOSFET in which metal oxide films arranged
above and below the channel region, respectively, a solid line
(an intermediate thick line) indicates a characteristic curve of
a new Fin n-MOSFET in which metal oxide films are
arranged below the channel region and as the gate insulating
f1lm, and a solid line (a thick line) indicates a characteristic
curve of anew Fin n-MOSFFET 1in which metal oxide films are
arranged as the insulating films above and below the channel
region and as the gate mnsulating film, respectively. As 1s
obvious from FIG. 31, the mobaility 1s improved by using the
metal oxide film as the gate insulating film. This 1s because a
large tensile strain can be applied to the entire channel region

by setting the lattice distance of the gate metal oxide film
smaller than that of Si.

Attention will be next paid to the relationship between the
structure and the threshold shown 1n FIG. 32. In FIG. 32, (a)
shows a threshold of an instance 1n which the isulating {ilm

3 is the metal oxide film and the msulating films 6a and 7 are
the S10, films, 1.¢., the first embodiment; (b) shows a thresh-
old of an 1nstance in which the insulating films 3 and 64 are
the metal oxide films and the mnsulating film 7 1s the $10,, film,
1.¢., the fifth embodiment; (¢) shows a threshold of an instance
in which the msulating films 3 and 7 are the metal oxide films
and the msulating film 6qa 1s the S10, film, 1.e., the seventh
embodiment; and (d) shows a threshold of an instance 1n
which the insulating films 3, 6a, and 7 are the metal oxide
f1lms, 1.e., the eighth embodiment. A work function of the gate

electrode is 4.2 eV and a channel concentration is 10" cm™,

so that 1t 1s estimated that all the thresholds are zero volt.
However, 1n the instance of (a) 1n which the msulating film 3
1s the metal oxide film and the insulating films 6a and 7 are the
S10, film, the threshold 1s as high as 1.2 volts. This 1s due to
the structure of the Fin MOSFET and the fact that the gate
insulating films 7 and 6a are the S10, films. Since the Fin
MOSFET has a double gate structure in which the side sur-
faces of the channel are surrounded by the gate electrode, a
quantity of separated boron atoms 1s larger than that of the Fin
MOSFET having a single gate, and the high threshold 1is
exhibited. However, as shown 1n (b) and (c¢), by inserting the
metal oxide film as one of the mnsulating films 6a and 7, the
threshold 1s reduced to 0.4 volt. This 1s because the metal
oxide film suppresses boron diffusion. Further, by using the
metal oxide films as both the insulating films 6a and 7, the
threshold 1s reduced down to 0.2 volt, thus exhibiting a further
improvement. The reason that the threshold 1s not zero volt 1s
as follows. Since the channel region i1s 1solated, an electron

energy level 1s quantized and a sub-band occurs (K. Uchida et
al., “IEDM Tech. Dig.” (2002)47).

As stated above 1n detail, according to this embodiment,
the uniform tensile strain can be applied to S1 1n the entire
channel region of the Fin transistor by using the metal oxide
f1lm as the gate insulating film. As compared with the instance
of using the metal oxide films as the insulating films above
and below the channel region or below the channel region and
on the side surface of the channel region, the electron mobaility
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can be improved. Further, by allowing the metal oxide film to
suppress boron diffusion, the threshold can be controlled and
a yield can be improved.

More preferably, a rare-earth oxide containing at least one
clement selected from rare-earth elements (Sc, Y, La, Ce, Pr,
Nd, Pm, Sm, Fu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) 1s used
as the crystalline metal oxide. This 1s because the crystallinity
of the rare-earth oxide can be easily improved by controlling
film formation conditions, and the rare-earth oxide enables
elfectively changing the lattice distance of S.

If the rare-earth oxide containing at least one selected from
Ce, Dy, Y, La, Pr and Gd 1s used, 1n particular, a {ilm having a
high crystallinity scan be realized and a particularly excellent
elfect can be obtained.

The eighth embodiment has been described while referring
to the mstance of using La,O, and Dy,O, as the crystalline
metal oxides. The crystalline metal oxide may be a crystalline
oxide having a perovskite structure such as Sr110,, SrZrO,,
Sr(T1Zr)O; or SrCeO,. Further, even 1f an oxide having a
rock-salt structure such as MgQO, CaO, SrO or BaO, Al,O,, or
MgAL,O, having a spinel structure exhibits an equivalent
elfect. If a monocrystalline metal oxide film having uniform
orientation 1s used, a larger lattice distance change occurs. As
the f1lm formation method for the crystalline metal oxide, the
clectron beam evaporation method has been used. Alterna-
tively, the other film formation method such as the CVD
method, the sputtering method, or the MBE method may be
used.

In the eighth embodiment, the instance of using the Si
substrate having (001) surface orientation has been described.

However, the surface ornientation of the S1 substrate may be
any one of (111), (111), and (110). Further, the surface ori-
entation may be shifted from these surface orientations.

In the eighth embodiment, the n-MISFET has been

described. However, the eighth embodiment can be carried
outusing a p-MISFET by the similar method. The selection of
one of the crystalline metal oxides stated above depends on
whether the tensile stress or the compressive stress 1s to be
applied to S1. If the n-MISFET 1s manufactured, the electron
mobility 1s improved 1n S1 applied with the tensile stress.
Theretfore, the metal oxides larger 1n lattice distance than Si
may be selected as those included in the insulating films 3 and
6a, respectively, and the metal oxide smaller 1n lattice dis-
tance than Si1may be selected as that included 1n the insulating,
f1lm 7. If the p-MISFET 1s manufactured, the hole mobility of
the p-MISFET can be improved whether the tensile stress or
the compressive stress. Therelore, the metal oxides larger in
lattice distance than S1 may be selected as those included 1n
the insulating films 3 and 64, respectively, and the metal oxide
smaller 1n lattice distance than S1 may be selected as that
included in the insulating film 7. Alternatively, the metal
oxides smaller 1n lattice distance than S1 may be selected as
those included 1n the msulating films 3 and 6a, respectively,
and the metal oxide larger 1n lattice distance than S1 may be
selected as that included 1n the insulating film 7. In addition,
depending on the stress to be applied to Si1, the lattice distance
of each metal oxide may be selected. If a desired lattice
distance and a desired stress cannot be achieved by the metal
oxide consisting only of one metal element, a metal oxide
consisting of two or more metal elements may be used. For
example, by using (Eu Dy, _ ),O, containing two metal ele-
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ments of Bu and Dy, the lattice distance change of each metal
oxide relative to S1 can be arbitranilly varied 1in a range
between zero to —1.8%.

Ninth Embodiment

The configuration of an n-MISFET according to a ninth
embodiment of the present invention will be described with
reference to FIGS. 33 to 35. FIG. 33 15 a perspective view of
a Fin n-MISFET according to the ninth embodiment. FIG. 34
1s a cross-sectional view taken along a line A-A of FIG. 33.
FIG. 35 15 a cross-sectional view taken along a line B-B of
FIG. 33.

In the MISFET according to this embodiment, an mnsulat-
ing film 3 including at least a crystalline metal oxide 1s formed
on a surface of a semiconductor substrate 15 consisting of Si.
The metal oxide included 1n the nsulating film 3 1s a metal
oxide a metal to oxygen blending ratio of which 1s a stoichio-
metric ratio. To electrically connect a channel region to be
described later to the semiconductor substrate 15, a region 4
which consists of a metal oxide a metal to oxygen blending
ratio of which 1s lower than the stoichiometric ratio, e.g.,
Sr(T1, 71, 22)O, 1s formed 1n the insulating film 3. Oxygen
deficiency 1n Sr('11, |71, 34)O, occurs, a level occurs 1n a
bandgap, and a conductive region 1s formed. By using this
film formation method, a semiconductor interface can be
clectrically connected to a channel region by a simple method
without forming bores in the msulating film 3.

A channel region (channel layer) 56 1s formed on the region
4. Since lattice distances of the metal oxides that respectively
constitute the mnsulating film 3 and the region 4 are larger than
that of S1, S1 1n the channel region 55 1s applied with stresses
from the 1nsulating film 3 and the region 4, thereby forming a
strained S1 layer. A source region 10a and a drain region 105
different 1n conduction type from the channel region 55 are
formed on both sides of the channel region 35, respectively. In
addition, an insulating film 6¢ 1s formed right above the
channel region 36. A gate insulating film 7 1s formed on side
surfaces of the channel region 5b. A gate electrode 9a con-
sisting of polysilicon 1s formed around the gate insulating
film 7. Namely, according to this embodiment, the lattice
distances of the metal oxide films are widened by S1 and that
of S11n the channel region 1s widened by the tensile stress. It
1s thereby possible to improve an electron mobility 1n the
channel region.

A method for manufacturing the n-MISFET according to
this embodiment will be described with reference to FIGS.
36A to 43. FIGS. 36A to 36F are manufacturing step cross-
sectional views taken along the line A-A of FIG. 33, and
FIGS. 37A to 37E are manufacturing step cross-sectional
views corresponding to FIGS. 36 A to 36E, respectively, and
taken along the line B-B. FIGS. 38A to 38E are manufactur-
ing step cross-sectional views taken along the line A-A of
FIG. 33, and FIGS. 39A to 39F are manufacturing step cross-
sectional views corresponding to FIGS. 38A to 38E, respec-
tively, and taken along the line B-B. FIGS. 40A to 40D are
manufacturing step cross-sectional views taken along the line
A-A of FIG. 33, and FIGS. 41A to 41D are manufacturing
step cross-sectional views corresponding to FIGS. 40A to
40D, respectively, and taken along the line B-B. FIG. 42 15 a
manufacturing step cross-sectional view taken along the line
A-A of FIG. 33, and FIG. 43 1s a manufacturing step cross-
sectional view corresponding to FIG. 42, and taken along the
line B-B.

First, hydrogen 10ns, for example, are implanted into a S1
substrate 1a having (001) surface orientation at an energy of
a dosage of 5x10"%/cm” and a peak range of, for example, a
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S0-nanometer depth from a surface, thereby forming a high
hydrogen concentration region.

To recover the S1 substrate 1a from a damage caused by the
ion 1mplantation, the Si substrate 1a 1s subjected to a heat
treatment 1n a hydrogen atmosphere at 800° C. for 30 minutes,
for example. By subjecting the S1 substrate 1a to the heat
treatment, the substrate 1a 1s recovered from the damage, an
intermediate layer 2 having a lower mechanical strength than
that of surroundings of the mtermediate layer 2 1s formed in
the high hydrogen concentration region. At the same time, a
silicon layer 5a to serve as the channel region 1s formed (see
FIGS. 36A and 37A). Microscopic vacancies are continu-
ously formed in the intermediate layer 2, so that the interme-
diate layer has the lower mechanical strength.

A depleted hydrofluoric acid treatment 1s carried out to
terminate an Si1 surface of the S1 substrate 1a by hydrogen.
The resultant substrate 1a 1s introduced 1into the MBE system.
While a substrate temperature 1s set at, for example, 500° C.
and Sr, Zr, and T1 are used as evaporation sources, a metal
oxide film 3a consisting of Sr(11, |71, ,)O,_ by a thickness
of five nanometers (see FIGS. 368 and 37B). At this time, an
oxygen blending ratio of the Sr(11, .71, 2,)O, film thus
formed 1s the stoichiometric ratio (x=3.0) and a lattice dis-
tance of Sr(11, |71, 24)O, parallel to an mterface with S1 1s
5.50 angstroms. Further, S1 on a surface of the S1 layer 3a 1s
ox1idized, and an S10, layer having a thickness of 0.5 nanom-
cter 1s formed between the Si1layer Sa and the Sr(11,, | 71, ¢.)
O, layer 3a. Namely, the 1insulating film 3 includes a layered
structure composed by the S10, layer having a thickness of
0.5 nanometer and the Sr(11, , Zr, «,)O, layer 3a having a
thickness of five nanometers. At this time, a lattice distance of
the metal oxide layer 3a 1s larger than that of S1, a strain of
+0.3% 15 applied to Si.

As shown 1n FIGS. 36C and 37C, a laser beam 1s locally
irradiated to the Sr('11, ,,Zr, ¢,)O layer 3a. In the region 4
irradiated with the laser beam, the oxygen blending ratio x 1s
reduced to 2.7. A lattice distance of this region 4 1s as large as
5.56 angstroms, so that the conductive region 4 1s formed.
This 1s because the 1rradiation of the laser beam causes oxy-
gen deficiency and a level occurs 1n a bandgap, accordingly.
At this time, a lattice distance of the conductive region 1s
larger than that of Si. Therefore, S1 1n a region below the
conductive region 1s applied with a strain of +1.0%.

Next, an S1 layer 5 having a thickness of, for example, one
micrometer 1s formed by the CVD method (see FIGS. 36D
and 37D). At this time, S1 on a metal oxide layers 3a and
4-s1de interface of the Silayer 3 1s oxidized, and an S10, layer
3c having a thickness o1 0.5 nanometer 1s formed between the
S1 layer 5 and the metal oxide layers 3a and 4. Namely, with
this manufacturing method, the insulating film 3 havmg a
three-layer structure composed by the S10, layer 36 having a
thickness of 0.5 nanometer, the metal oxide layer 3a having a
thickness of five nanometers, and the S10, layer 3¢ having a
thickness of 0.5 nanometer 1s formed between the S1layers Sa
and 5 (see FIGS. 36D and 37D).

A surface of the S1layer 5 1s bonded to the substrate 15 (see
FIGS. 36E and 37E). Thereatter, the substrate 15 1s peeled off
with the intermediate layer 2 set as a boundary, thereby expos-
ing the S1layer 5a onto the insulating film 3 consisting of the
metal oxide. The exposed surface of the Si1 layer 5a 1s pla-
narized by, for example, the CMP method (see FIGS. 38A and
39A). An impurity profile can be then formed 1n the Si1layer
5a, to serve as the channel region, by implanting element 10ns.

A depleted hydrofluoric acid treatment 1s carried out to
terminate an S1 surface of the S1 layer 5a by hydrogen. The
resultant substrate 16 s mtroduced into the MBE system.
While the substrate temperature 1s set at, for example, 500° C.
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and CeQ, 1s used as an evaporation source, an msulating film
6 including a metal oxide consisting of a Ce oxide 1s formed
by a thickness of five nanometers (see FIGS. 38B and 39B).
The Ce oxide formed at this time has an oxygen blending ratio
of the stoichiometric ratio (x=2.0) and a lattice distance of
J.41 angstroms.

A laser beam 1s 1rradiated to the mnsulating film 6 consisting
of the Ce oxide, thereby forming an insulating film 6a. After
the 1rradiation of the laser beam, an oxygen blending ratio of
the 1sulating {ilm 64 1s measured. As a result, the oxygen
blending ratio x 1s reduced to 1.77 and the lattice distance 1s
widened to 5.48 angstroms (see FIGS. 38C and 39C). This 1s
because oxygen deficiency occurs and the oxygen blending
ratio of the Ce oxide that constitutes the insulating film 6a 1s
thereby reduced. By using such a method, the Ce oxide layer
6 having the wide lattice distance can be formed. An instance
of rrradiating the laser beam has been described herein. How-
ever, even 1f a heat treatment, electron beam irradiation, or
clectromagnetic wave 1rradiation 1s performed, the et

ect of
reducing the oxygen ratio can be achieved. Further, by wid-
ening the lattice distances of the conductive region 4 and the
Ce oxade layer 6b, S1 1n the channel region 356 above the
conductive region 4 1s applied with a uniform strain of +1.0%.

The msulating film 65 and the S1 layer 5a are patterned by
an anisotropic etching method such as the RIE method,
thereby forming a channel region 55 right above the region 4
as shown 1n FIGS. 38D and 39D. At the same time, the
S10.sub.2 layer 36 formed between the S1 layer 5a and the
insulating film 3 1s patterned.

Next, the resultant substrate 1 bis introduced 1nto the elec-
tron beam evaporations system. While the substrate tempera-
ture 1s set at, for example, 600° C. and Dy,O; 1s used as an
evaporation source, a metal oxide Dy,O, 1s evaporated by a
thickness of five nanometers, thereby forming a gate msulat-
ing film 7 including Dy, O, around the channel region 55 (see
FIGS. 38E and 39E). At this time, a height (gate width) of a
Fin channel region 1s set at 20 nanometers, a Fin width (chan-
nel region width) 1s set at 20 nanometers, and a Fin length 1s
set at 200 nanometers, for example. In addition, the oxygen
partial pressure is precisely controlled to 5x10~7 Torr, thereby
improving an orientation degree of Dy,O; and the crystallin-
ity thereof.

A polysilicon film 9 1s deposited on entire surfaces by the
CVD method (see FIGS. 40A and 41A). The polysilicon film
9 15 patterned by the amisotropic etching method such as the
RIE method, thereby forming a gate electrode 9a (see FIGS.
40B and 41B). Using the gate electrode 9a as a mask, 1on
implantation and a heat treatment are carried out, thereby
forming the source and drain regions 10a and 105 doped with
impurities (see FIGS. 40C and 41C). An S10, film 11 1s
deposited on the entire surfaces by the CVD Method (see
FIGS. 40D and 41D).

As shown in FIGS. 42 and 43, contact holes are formed on
the source and drain regions 10aq and 105, metal such as Al 1s
evaporated to form a metal film on the entire surfaces, thereby
forming source and drain electrodes 12q and 125 and a gate
clectrode 12¢. The n-MISFET 1s thus completed.

Referring next to FIG. 44, the relationship among the oxy-
gen blending ratio, the lattice distance, and the specific resis-
tance of Sr(11, .71, 3,0, will be described. The oxygen
blending ratio 1s measured by the EDX. When the oxygen
blending ratio 1s the stoichiometric ratio (x=3.0), the lattice
distance 1s 5.50 angstroms. If the oxygen blending ratio 1s
lower than the stoichiometric ratio and less than 3.0 (x<3.0),
the lattice distance 1s widened. The reason that the lattice
distance of Sr(11, |71, 2,)O_ 1s greatly changed according to
the oxygen blending ratio 1s considered as follows.
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Sr(11, ;571 34)O, 15 a crystal forming strong 1onic bonds. The
lower the oxygen ratio 1s, the lower the specific resistance
becomes. This 1s because oxygen deficiency occurs 1n the film
by reducing the oxygen blending ratio, and a level in the
bandgap occurs.

Characteristics of a new Fin n-MOSFET according to this
embodiment 1n which crystalline metal oxides different 1n
lattice distance from S1 are used as a underlying insulating
film (Sr(T1, |7t 54)O, ), an insulating film above the channel
region (La,O,), and a gate msulating film (Dy,O,), respec-
tively, and 1n which the semiconductor substrate i1s electri-
cally connected to the channel region, and a new Fin n-MOS-
FET in which the isulating films are provided similarly to the
new Fin n-MOSFFET according to the present invention, and
in which the channel region 1s electrically 1solated from the
semiconductor substrate will be compared. FIGS. 45 and 46
depict a difference between (a) the new Fin n-MOSFET 1n
which the channel region is not electrically connected to the
semiconductor substrate and (b) the new Fin n-MOSFET
according to this embodiment 1n which the channel region 1s
clectrically connected to the semiconductor substrate with the
gate electrode as Dy,o0, having the thickness of five nanom-
cters and with the with the reference of threshold of plane
n-MOSFET without a insulating layer below it. As 1s obvious
from FIGS. 45 and 46, by electrically connecting the channel
region to the semiconductor substrate, a threshold 1s lowered
and the difference with a plane n-MOSFET 1s reduced to 0.05
volt. The reason 1s as follows. Since the channel region 1s
clectrically connected to the semiconductor substrate, a
threshold shift due to the quantization of an electronic energy
level and the occurrence of a sub-band as seen 1n the instance
in which the channel region 1s electrically 1solated from the
semiconductor substrate can be avoided. Further, 1f attention
1s paid to a mobility, the mobaility 1s improved by electrically
connecting the channel region to the semiconductor substrate
(see FIG. 46). The reason 1s as follows. By electrically con-
necting the channel region to the semiconductor substrate,
hole accumulation can be prevented and, accordingly, the
deterioration of the mobility due to carrier scattering caused
by the hole accumulation can be avoided.

As stated above 1n detail, according to this embodiment,
the channel region can be electrically connected to the semi-
conductor substrate more easily than conventional SOI-MIS-
FET and Fin MISFET, and the change of threshold due to the
sub band and the deterioration of the electron mobility caused
by the hole accumulation can be prevented, and the mobility
can be thereby improved more elfectively.

The ninth embodiment has been described while referring
to the 1nstance of using Sr(11, ,7Zr, 3,)O, as the crystalline
metal oxide. The crystalline metal oxide may be a crystalline
oxide having a perovskite structure such as Sr110;, SrZrO;,
Sr(117r)O; or SrCeQ,. Further, even i1 Al,O; or MgAl,O,
having a spinel structure 1s used, the equivalent advantage can
be obtained by reducing the oxygen blending ratio thereof. As
the film formation method for the crystalline metal oxide, the
MBE method has been used. Alternatively, the other film
formation method such as the CVD method, the sputtering
method, or the electron beam evaporation method may be
used.

More preferably, a rare-earth oxide containing at least one
clement selected from rare-earth elements (Sc, Y, La, Ce, Pr,
Nd, Pm, Sm, FEu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) 1s used
as the crystalline metal oxide. This 1s because the crystallinity
of the rare-earth oxide can be easily improved by controlling
film formation conditions, and the rare-earth oxide enables
elfectively changing the lattice distance of S. If the rare-earth
oxide containing at least one selected from Ce, Dy, Y, La, Pr

10

15

20

25

30

35

40

45

50

55

60

65

38

and Gd 1s used, 1 particular, a film having a high crystallinity
scan be realized and a particularly excellent effect can be
obtained.

In the ninth embodiment, the n-MISFET has been

described. However, a p-MISFET can be carried out by the
same method.

In the ninth embodiment, the instance of using the S1 sub-
strate having (001) surface orientation has been described.
However, the surface orientation of the S1 substrate may be

any one of (111), (111), and (110). Further, the surface ori-
entation may be shifted from these surface orientations.

Furthermore, 1n the fifth to the ninth embodiments, with a
view of straining Si in the channel region more effectively,
metal oxides each having a rock-salt structure may be put
between the crystalline metal oxide arranged above the chan-
nel region, the crystalline metal oxide on the S1 substrate, and
the crystalline metal oxide included 1n the gate nsulating
film, and the channel region, respectively. The effect is
equivalent to that described i1n the fourth embodiment 1n
detail. By providing the metal oxides each having the rock-
salt structure therebetween, respectively, no amorphous S10,
layer 1s formed on an interface with the crystalline oxide, and
the difference 1n lattice distance can influence the S1 channel
region more directly. Further, the crystallinity of the channel
S1region can be improved. A thickness of the oxide having the
rock-salt structure 1s preferably in a range between one to
three atomic layers. A matter such as SrO or MgO 1s unstable
in the air. Due to this, if the thickness of the SrO layer 1s made
larger than the two atomic layer, the crystallinity of the SrO
layer changes with the passage of time and the characteristic
thereol 1s deteriorated. If the thickness 1s smaller than one
atomic layer, the effect of suppressing oxygen diffusion can-
not be obtained and the amorphous S10, layer 1s generated. It
the metal oxide film having the rock-salt structure such as
SrO, MgQO, CaO, or BaO film, in particular, the effect of
suppressing oxygen diffusion can be conspicuously observed
and the transistor characteristics can be greatly improved. If
the tensile stress 1s to be applied to S1, BaO that 1s the metal
oxide having the rock-salt structure and larger in lattice dis-
tance than S11s preferably used. I the compressive stress 1s to
be applied to S1, SrO, MgO, or CaO that 1s the metal oxide
having the rock-salt structure and smaller 1n lattice distance
than S1 1s preferably used. However, the lattice distance
change ofthe Silayer mainly depends on the crystalline metal
oxide having a large thickness. In the structure, for example,
in which SrO smaller 1n lattice distance than S1 1s provided,
and 1n which Pr,O; larger 1n lattice distance than S1 1s pro-
vided on SrO, Si in the channel region 1s applied with the
tensile stress. Therefore, a combination of the metal oxide
having the rock-salt structure and the crystalline metal oxide
can be arbitrarily selected. Further, the metal oxide each
having the rock-salt structure are not always put between the
crystalline metal oxide included 1n the msulating film below
the channel region and different in lattice distance from S1, the
crystalline metal oxide included in the msulating film above
the channel region and different 1n lattice distance from S,
and the crystalline metal oxide included 1n the gate imnsulating
film and different 1n lattice distance from Si, and the channel
region, respectively. Even 11 the metal oxide having the rock-
salt structure 1s put one of between the crystalline metal oxide
arranged above the channel region, the crystalline metal
oxide on the Si1 substrate, and the crystalline metal oxide
included 1n the gate msulating film, and the channel region,
the equivalent effect can be achieved.

In the ninth embodiment, the instance of using the metal
oxides as the insulating films 6¢ and 7 has been described.
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Alternatively, at least one of the insulating films 6¢ and 7 may
consist of an 1nsulator other than the metal oxide film.

Tenth Embodiment

The configuration of a semiconductor device including an
n-MISFET and a p-MISFET according to a tenth embodi-
ment of the present invention will be described with reference
to FIGS. 47 to 89. FIG. 47 1s a perspective view of the
semiconductor device according to the minth embodiment.
FIG. 48 15 a cross-sectional view taken along a line A-A of
FIG. 47. FIG. 49 1s a cross-sectional view taken along a line
B-B of FIG. 47. A method for manufacturing the semicon-
ductor device according to this embodiment will be described
with reference to FIGS. S0A to 59. FIGS. 50A to 50F are
manufacturing step cross-sectional views taken along the line
A-AofFIG. 47, and FIGS. 51 A to 51F are manufacturing step
cross-sectional views corresponding to FIGS. 50A to 50F,
respectively, and taken along the line B-B. FIGS. 52A to 52C
are manufacturing step cross-sectional views taken along the
line A-A of F1G. 47, and FIGS. 53 A to 53C are manufacturing
step cross-sectional views corresponding to FIGS. 52A to
52C, respectively, and taken along the line B-B. FIGS. 54 A to
54C are manufacturing step cross-sectional views taken along
the line A-A of FIG. 47, and FIGS. 55A to 55C are manufac-
turing step cross-sectional views corresponding to FIGS. 34 A
to 54C, respectively, and taken along the line B-B. FIG. 56 1s
a manufacturing step cross-sectional view taken along the
line A-A of FIG. 47, and FIG. 57 1s a manufacturing step
cross-sectional view corresponding to FIG. 56, and taken
along the line B-B.

First, an element 1solation region 13 having a depth of, for
example, 100 nanometers 1s formed 1 an S1 substrate la
having (001) surface orientation (see FIGS. 50A and 51A).
Hydrogen 1ons, for example, are implanted into the S1 sub-
strate 1a at an energy of a dosage of 5x10"%/cm” and a peak
range of, for example, a S0-nanometer depth from a surface,
thereby forming a high hydrogen concentration region. To
recover the Si1 substrate 1a from a damage caused by the 10n
implantation, the S1 substrate 1a 1s subjected to a heat treat-
ment 1n a hydrogen atmosphere at 800° C. for 30 minutes, for
example. By subjecting the S1 substrate 1a to the heat treat-
ment, the substrate 1a 1s recovered from the damage, an
intermediate layer 2 having a lower mechanical strength than
that of surroundings of the mntermediate layer 2 1s formed in
the high hydrogen concentration region. At the same time,
s1licon layers 3a and 5p to serve as channel regions are formed
(see FIGS. 50B and 51B). Microscopic vacancies are con-
tinuously formed in the intermediate layer 2, so that the
intermediate layer has the lower mechanical strength.

A depleted hydrofluoric acid treatment 1s carried out to
terminate an S1 surface of the S1 substrate 1a by hydrogen.
The resultant substrate 1a 1s introduced 1into the MBE system.
While Sr, Zr, and 11 are used as evaporation sources, an
isulating film 3 consisting of Sr(11, 171, --)O, by a thick-
ness of five nanometers (see FIGS. 50C and 51C). At this
time, an oxygen partial pressure 1s precisely controlled to
110~ Torr, thereby improving an orientation degree of
Sr( 11, 4571, s7)O_ and improving a crystallinity thereof. In
addition, S1 on the surface of the S1 layer 1s oxidized, thereby
forming an S10, layer having a thickness of 0.5 nanometer,
not shown, between the S1 layers Sz and 3p and the metal
oxide Sr(11, 4,71, :,)O,. Namely, the insulating film has a
layered structure composed by the S10, layer having a thick-
ness of 0.5 nanometer and the Sr(T1, 371, --)O,_layer having
a thickness of five nanometers. An X-ray diffraction evalua-
tion indicates that the Sr(11, 571, -)O_layer 1s an epitaxial
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layer oriented 1n a direction of (001) surface orientation, and
that a lattice distance of Sr(11, 4,71, <-)O, 1 (001) surtace
orientation parallel to an interface between S1 and
Sr( 11, 4571 5-)O, 1s 5.01 angstroms. The lattice distance of
5.01 angstroms 1s smaller by 7.3% than that of S1. The evalu-
ation also indicates that a halt-width value of the X-ray dii-
fraction 1s narrow, and that the Sr(T1, ,,Zr, ;,)O, layer 1s a
f1lm strongly oriented 1n the direction of (001) surface orien-
tation and having a high crystallinity. A result of a lattice
distance evaluation using the electron beam difiraction indi-
cates that 11 the Sr(11, ,37r, <-)O, layer strongly oriented 1n
the direction of (001) surface orientation and having the high
crystallinity, a compressive stress 1s applied to S11n the chan-
nel region and the lattice distance of S11s narrowed. A lattice
distance change of the Sr(11, 571, s-)O, 1s =7.0%, S1 on the
intertace 1s strained tollowing this Sr(T1, ,,7r, s,)O, layer,
and a lattice distance change of each of the silicon layers 5#
and Sp 1s —=1.2%. Even S1 distant from the interface by 20
nanometers undergoes a lattice distance change of —0.8%.

Next, a laser beam 1s locally 1rradiated only to the msulat-
ing film 3 on the silicon layer 5p. If so, an oxygen blending
ratio x of Sr(11, 4,71, s-)O, 1s changed, thereby forming a
region 4a having an oxygen blending ratio x of 2.7 (see FIGS.
50D and 51D). A lattice distance of Sr(Ti, .71, <-)O_ 1S
larger by —1.8% than that of S1. The reason 1s as follows. If
oxygen atoms at lattice positions in the 1onic crystal are
separated, an average distance between the lattices 1s widened
and the lattice distance 1s widened, accordingly. Following
this, the lattice distance of S11n the silicon layer Sp 1s larger by
—0.3% than that of Si1. In addition, oxygen deficiency 1n the
f1lm occurs, so that a level caused by the oxygen deficiency 1s
generated 1n a bandgap, and the region 4a 1s provided as a
conductive region.

A laser beam 1s locally 1rradiated only to the insulating film
3 on the silicon layer 3x. 11 so, the oxygen blending ratio x of
Sr( 11, 4571, 57)O_ 1s changed, thereby forming a region 45
having an oxygen blending ratio x of 2.5 (see FIGS. 50E and
51E). A lattice distance of Sr(1i, ,57r, <5)O_ 1s larger by
+1.8% than that of Si1. The lattice distance of S1 1n the silicon
layer 56 below the region 45 1s larger by +0.3% than that of S1.
The reason i1s as follows. By setting the lattice distance of
Sr(T1, 4171, )0, strongly oriented 1n the direction of (001)
surface orientation and having the high crystallinity larger
than that of S1, a tensile stress 1s applied to S1 and the lattice
distance of S1 1s widened. In addition, oxygen deficiency 1n
the film occurs, so that a level caused by the oxygen defi-
ciency 1s generated 1n a bandgap, and the region 45 1s pro-
vided as a conductive region.

Next, an S1 layer 3 having a thickness of, for example, one
micrometer 1s formed by the CVD method (see FIGS. S0F
and 51F). A surface of the S1 layer 5 1s bonded to the substrate
156 (see FIGS. 52A and 33A).

Thereatter, the substrate 15 1s peeled ofl with the interme-
diate layer 2 set as a boundary, and the surface 1s planarized
by, for example, the CMP (see FIGS. 52B and 53B). As a
result, the S1 layers 57 and 5p are exposed onto the metal
oxide film. An impurity profile can be then formed in the Si
layer 5z and 5p, to serve as the channel regions, by implanting
clement 10ns.

A depleted hydrofluoric acid treatment 1s carried out to
terminate surfaces of the S1layer 5z and Sp by hydrogen. S10,
having a thickness of 50 nanometers 1s coated on entire sur-
taces, thereby forming an insulating film 6 consisting ot S10,
(see FIGS. 52C and 53C).

The insulating film 6 and the S1 layers 3p and 5» are
patterned by an anisotropic etching method such as the RIE
method, thereby forming channel regions 54 and 3e right
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above the regions 4a and 4b, respectively, as shown 1n FIGS.
54 A and 55A. S10.sub.2 having a thickness of three nanom-
eters 1s coated on side surfaces of the channel regions 34 and
5e, thereby forming a gate insulating film 7 consisting of
S10.sub.2 (see FIGS. 548 and 55B).

Next, a polysilicon film 9 to serve as gate electrodes 1s
deposited on entire surfaces by the CVD method (see FIGS.
54C and 55C). The polysilicon film 9 1s patterned by the
anisotropic etching method such as the RIE method, thereby
forming gate electrodes 9a and 95 (see FIGS. 56 A and 57A).

Using the gate electrodes 9a and 95 as a mask, 1on implan-
tation and a heat treatment are carried out, thereby forming,
source regions 14a and 15a and drain regions 145 and 15b
doped with impurities (see FIGS. 56B and S7B). An S10,, film
11 1s deposited on the entire surfaces by the CVD Method (see
FIGS. 56C and 57C).

As shown 1n FIGS. 58 and 59, contact holes are formed on
the source regions 14a and 15a and the drain regions 145 and
1556, metal such as Al 1s evaporated to form a metal {ilm on the
entire surfaces, thereby forming a source electrode 164, a
drain electrode 165, and a gate electrode 16c¢. The n-MISFET
and the p-MISFET are thus completed.

FI1G. 60 depicts the relationship among the oxygen blend-
ing ratio, the lattice distance, and the specific resistance of
Sr( 11, 4571, s7)O_. The oxygen blending ratio 1s measured by
the EDX. When the oxygen blending ratio 1s the stoichiomet-
ric ratio (x=3.0), the lattice distance 1s 5.01 angstroms.

If the oxygen blending ratio x 1s lower than the stoichio-
metric ratio and less than 3.0 (x<3.0), the lattice distance 1s
widened. The reason that the lattice distance 1n
Sr( 11, 4571, 7)O 15 greatly changed according to the oxygen
blending ratio 1s considered as follows. Sr(T1, 71, --)O_1sa
crystal forming strong 1onic bonds. The lower the oxygen
ratio 1s, the lower the specific resistance becomes. This 1s
because oxygen deficiency occurs 1n the film by reducing the
oxygen blending ratio, and a level 1n the bandgap occurs.

As shown 1in FIG. 61, a dependency of a gate delay time on
a power supply voltage of an SGOI CMOS 1ncluding a gate
insulating film that consists of S10, having an S10, EOT of
three nanometers 1s compared with that of a Fin CMOS
including a gate insulating film that consists of S10,, having an
S10, BOT of three nanometers and including Sr('T1, ,,7r, <-)
O_asthe msulating film 3. As 1s obvious from FIG. 61, the Fin
CMOS 1s lower 1n the dependency than the SGOI CMOS over
entire voltages, and the delay time can be, therefore, reduced
by using the Fin CMOS. Thereason 1s as follows. In the SGOI
CMOS, both an n type transistor and a p type transistor apply
tensile strains to S1. As a result, only the mobility of electrons
1s improved while the mobility of holes 1s not improved so
greatly. In the Fin CMOS, by contrast, the n type transistor
can apply a tensile strain to S1 and the p type transistor can
apply a compressive strain thereto. Therefore, carrier scatter-
ing caused by Ge can be avoided, and both the electron
mobility and the hole mobility are greatly improved.

The tenth embodiment has been described while referring,
to the instance of using the crystalline metal oxide
Sr(11, 4171, s-)O, as the insulating film 3. The crystalline
metal oxide may be a crystalline oxide having a perovskite
structure such as Sr110;, SrZrO,, Sr(T1Zr)O,; or SrCeQ,.
Further, even 1f an oxide having a rock-salt structure such as
MgO, CaO, SrO or BaO, Al,O,, or MgAl,O, having a spinel
structure exhibits an equivalent eflect by reducing the oxygen
blending ratio thereof. As the film formation method for the
crystalline metal oxide, the MBE method has been used.
Alternatively, the other film formation method such as the
CVD method, the sputtering method, or the electron beam
evaporation method may be used.
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More pretferably, a rare-earth oxide containing at least one
clement selected from rare-earth elements (Sc, Y, La, Ce, Pr,
Nd, Pm, Sm, FEu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) 1s used
as the crystalline metal oxide. This 1s because the crystallinity
of the rare-earth oxide can be easily improved by controlling
film formation conditions, and the rare-earth oxide enables
elfectively changing the lattice distance of S. If the rare-earth
oxide containing at least one selected from Ce, Dy, Y, La, Pr
and Gd 1s used, 1n particular, a film having a high crystallinity
scan be realized and a particularly excellent effect can be
obtained.

In the tenth embodiment, the surface orientation of the Si
substrate may be any one of (001), (111), and (110). Further,
the surface orientation may be shifted from these surface
orientations.

Furthermore, 1n the tenth embodiment, with a view of
straining S1 1n the channel region more effectively, metal
oxides each having a rock-salt structure may be put between
the crystalline metal oxide buried 1n the Si substrate, the
crystalline metal oxide arranged above the channel region,
and the crystalline metal oxide included 1n the gate imnsulating
film, and the channel region, respectively. The effect is
equivalent to that described 1n the fourth embodiment 1n
detail. By providing the metal oxides each having the rock-
salt structure therebetween, respectively, no amorphous S10,
layer 1s formed on an interface with the crystalline oxide, and
the difference 1n lattice distance can influence the S1 channel
region more directly. A thickness of the oxide having the
rock-salt structure 1s preferably in a range between one to
three atomic layers. A matter such as SrO or MgO 1s unstable
in the air. Due to this, if the thickness of the SrO layer 1s made
larger than the two atomic layer, the crystallinity of the SrO
layer changes with the passage of time and the characteristic
thereof 1s deteriorated. If the thickness 1s smaller than one
atomic layer, the effect of suppressing oxygen diffusion can-
not be obtained and the amorphous S10, layer 1s generated. IT
the metal oxide film having the rock-salt structure such as
SrO, MgO, Ca0O, or BaO film, in particular, the effect of
suppressing oxygen diffusion can be conspicuously observed
and the transistor characteristics can be greatly improved. If
the tensile stress 1s to be applied to S1, BaO that 1s the metal
oxide having the rock-salt structure and larger 1n lattice dis-
tance than S11s preferably used. If the compressive stress 1s to
be applied to S1, SrO, MgQO, or CaO that 1s the metal oxide
having the rock-salt structure and smaller 1n lattice distance
than S1 1s preferably used. However, the lattice distance
change ofthe Silayer mainly depends on the crystalline metal
oxide having a large thickness. In the structure, for example,
in which SrO smaller 1n lattice distance than Si1 1s provided,
and 1n which Pr,O; larger 1n lattice distance than S1 1s pro-
vided on SrO, S1 1in the channel region 1s applied with the
tensile stress. Therefore, a combination of the metal oxide
having the rock-salt structure and the crystalline metal oxide
can be arbitrarily selected. Further, the metal oxide each
having the rock-salt structure are not always put between the
crystalline metal oxide included 1n the insulating film below
the channel region and different 1n lattice distance from Si1, the
crystalline metal oxide included 1n the mnsulating film above
the channel region and different 1n lattice distance from S,
and the crystalline metal oxide included in the msulating film
and different 1n lattice distance from Si, and the channel
region, respectively. Even 11 the metal oxide having the rock-
salt structure 1s put one of between the crystalline metal oxide
included in the msulating film below the channel region and
different in lattice distance from Si, the crystalline metal
oxide included in the msulating film above the channel region
and different 1n lattice distance from Si, and the crystalline
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metal oxide included in the gate insulating film and different
in lattice distance from Si1, and the channel region and the
channel region, the equivalent effect can be achieved.

In the tenth embodiment, the instance of using the S10,
films as the mnsulating films 6a and 7 has been described. 5
Alternatively, at least one of the insulating films 6a and 7 may
be a metal oxide film.

As described so far, according to the respective embodi-
ments of the present invention, the strain in an arbitrary
amount can be introduced into the channel region. Therefore, 10
the disadvantage of the very thin SOI transistor and the con-
ventional Fin transistor, that 1s, the deterioration of the carrier
mobility caused by the compressive strain applied from the
underlying insulating film can be solved. In addition, the
p-MISFET can achieve a great improvement 1n the mobility, 15
which cannot be achieved by the strained Si1 transistor using
S1Ge. Besides, since the channel region and the substrate can
be electrically connected to each other by the simple method
for locally changing the element blending ratio of the 1nsu-
lating film, the manufacturing cost can be reduced as com- 20
pared with the conventionally proposed Fin transistors.

As described so far, according to the respective embodi-
ments of the present invention, the Fin MOSFET can achieve
a great improvement in transistor characteristics.

Additional advantages and modifications will readily 25
occur to those skilled in the art. Therefore, the invention 1n its
broader aspects 1s not limited to the specific details and rep-
resentative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general mventive 30
concepts as defined by the appended claims and their equiva-
lents.

What 1s claimed 1s:
1. A field effect transistor manufacturing method compris-
ng:

implanting hydrogen 1ons 1nto a first semiconductor sub-
strate to form an intermediate layer, which has hydro-
gen, 1nto the first semiconductor substrate;

subjecting the first sesmiconductor substrate to a heat treat-
ment,

forming a first insulating film on the first semiconductor
substrate, the first insulating film 1ncluding a metal oxide
having a crystallinity and different 1n a lattice distance of
a crystal on an 1nterface from the first semiconductor
substrate;

forming a first semiconductor layer on the first insulating,
film;

bonding a second semiconductor substrate to a surface of
the first semiconductor layer;

peeling off the second semiconductor substrate with the
intermediate layer set as a boundary to divide the first
semiconductor substrate in two and to expose one of the
two of the first semiconductor substrate on the first 1nsu-
lating film; 55

flattening an exposed surface of one of the two of the first
semiconductor substrate:

forming a second 1nsulating film on the exposed surface;

patterming the second insulating film and the exposed one
ol the first semiconductor substrate to form a channel 4
region;

forming a gate msulating film on side surfaces of the chan-
nel region;

forming a gate electrode to cover at least the gate insulating,
film on the side surfaces of the channel region; and 65

forming a source region and a drain region above the first
insulating film on side surfaces of the channel region
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different from the side surfaces of the channel region on
which the gate insulating film 1s formed.

2. The field effect transistor manufacturing method accord-
ing to claim 1, wherein the lattice distance of the metal oxide
included 1n the first msulating film differs from the lattice
distance when an oxygen blending ratio of the metal oxide 1s
a stoichiometric ratio, by setting the oxygen blending ratio
lower than the stoichiometric ratio.

3. The field effect transistor manufacturing method accord-
ing to claim 1, wherein a crystalline metal oxide having a
rock-salt structure 1s put between the metal oxide included in
the first insulating film and the channel region.

4. The field effect transistor manufacturing method accord-
ing to claim 1, wherein the metal oxide included 1n the first
insulating film includes one or more metal elements selected
from a group consisting of rare-earth elements.

5. The field effect transistor manufacturing method accord-
ing to claim 1, further comprising changing a conduction of a
region of a part of the metal oxide included 1n the first 1nsu-
lating film after forming the first insulating film.

6. The field effect transistor manufacturing method accord-
ing to claim 1, wherein the second insulating film 1ncludes

another metal oxide having the crystallimity and different 1n
the lattice distance trom the first semiconductor substrate.

7. The field effect transistor manufacturing method accord-
ing to claim 6, wherein the first insulating film and the second
insulating film are equal 1n a direction 1 which a strain 1s
applied to the channel region.

8. The field effect transistor manufacturing method accord-
ing to claim 6, wherein the another metal oxide included 1n
the second insulating film includes one or more metal ele-
ments selected from a group consisting of rare-earth ele-
ments.

9. The field effect transistor manufacturing method accord-
ing to claim 6, wherein the lattice distance of the another
metal oxide included 1n the second insulating film differs
from the lattice distance when an oxygen blending ratio of the
metal oxide 1s a stoichiometric ratio, by setting the oxygen
blending ratio lower than the stoichiometric ratio.

10. The field effect transistor manufacturing method
according to claim 6, wherein a crystalline metal oxide hav-
ing a rock-salt structure 1s put between the another metal
oxide 1included 1n the second 1nsulating film and the channel
region.

11. The field effect transistor manufacturing method
according to claim 1, wherein the gate insulating film
includes another metal oxide having the crystallinity and

difterent 1n the lattice distance from the first semiconductor
substrate.

12. The field effect transistor manufacturing method
according to claim 11, wherein the first insulating film and the
gate insulating film differ in a direction 1n which a strain 1s
applied to the channel region.

13. The field effect transistor manufacturing method
according to claim 11, wherein the another metal oxide
included in the gate insulating film includes one or more
metal elements selected from a group consisting of rare-earth
clements.

14. The field effect transistor manufacturing method
according to claim 1, wherein the lattice distance of the
another metal oxide included 1n the gate msulating film dii-
ters from the lattice distance when an oxygen blending ratio
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of the metal oxide 1s a stoichiometric ratio, by setting the
oxygen blending ratio lower than the stoichiometric ration.

15. The field effect transistor manufacturing method
according to claam 11, wherein a crystalline metal oxide
having a rock-salt structure 1s put between the another metal
oxide included in the gate insulating film and the channel
region.

5
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16. The field effect transistor manufacturing method
according to claim 1, wherein the forming of the first insulat-
ing film 1s performed in an atmosphere having an oxygen
partial pressure of 1x10~° Torr to 1x10™’ Torr.
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